TRANSACTIONS 


OF THE 


AMERICAN SOCIETY 


OF 


MECHANICAL ENGINEERS 


1940 


VOLUME 62 


PUBLISHED BY 
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
29 WEST THIRTY-NINTH STREET, NEW YORK, N. Y. 


w & cA = 
Prt. 
4 
| 


Copyright, 1941, by 
THE AMERICAN Society OF MECHANICAL ENGINEERS 


Printed in the United States of America by 
The Mack Printing Co.; Easton, Pa. 


~ 


~ 


| 
BAM 
| 
| 
| 
| 
| 
* 
: 
| 


Foreword 


OLUME 62 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1940 under 
the sponsorship of the: Society's professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1940 
Society Records and Index. The technical papers and reports that make 
up this volume represent the Society's annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
| reports were presented at meetings of the Society and of its professional divi- 
5 sions and local sections and were published in monthly issues, eight being dis- 
j tributed as the Transactions of The American Society of Mechanical Engi- 
neers and four as the Journalof Applied Mechanics. Indexes to other A.S.M.E. 
papers and publications will be found on page RI-75 at the end of this volume. 
In view of the fact that material of which this volume is composed was originally 
issued periodically as Transactions, Journal of Applied Mechanics, and Society 
Records, three sets of page numbers will be found. Numbers without letter 
symbols are those of the eight issues of the Transactions, those with letter 
symbol A preceding the number refer to the pages of the Journal of Applied 
Mechanics, which follow, and those with letter symbol RI to the Society Rec- 
ords section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the vear 
for the convenience of libraries and of engineers who wish all of the papers 
in permanent form. Copies of the bound Transactions will be found in de- 
positories located in selected engineering, university, and public libraries 

throughout the world. A complete list of these depositories will be found on 

f pages RI-71 to RI-74 of the Society Records and Index. Copies of the Trans- 

| actions have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1940, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year, including lists of committees and memorial biographies. The Index 
provides a means of locating special A.S.M.E. publications and articles in 
Mechanical Engineering as well as those in the Transactions. 
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Toward Economic Air-Line Equipment 


By A. F. BONNALIE,? CHICAGO, ILL. 


The paper is a discussion of some of the apparent fac- 


tors determining the worth of the transport airplane. : 


The author treats size, speed, range, and utilization as be- 
ing among the major considerations for economic opera- 
tion. Items of interest both in cost of operation and in 
sales of service are included. 

The author finds no immediate limit to the size of air- 
planes, but does raise the question of crowding when 
larger numbers of passengers are involved. He also points 
out that, due to continual improvement, equipment in 
the future will be more economic. 


‘ , JHILE the transport airplane has a reasonably long 
history, it is only recently that some of the economic 
relationships have become evident. The technical prob- 
lems of air transportation, in common with similar problems of 
all other forms of transportation, can be considered under four 
headings, namely, location, finance, management, and equipment. 
In the solution of problems of the first two categories, the experi- 
ence of older transportation can be drawn upon with but little 
change; management involves much that is familiar, except 
changed operating technique, but the equipment problem is very 
different and is of major importance. 

To be truly economic, air-line equipment must be not only 
financially and mechanically efficient but it must have sufficient 
sales merit to attract a substantial volume of traffic in spite of 
adverse factors of considerable magnitude. As pointed out by 
the author previously,? the major factors in the development of 
passenger traffic are speed, comfort, cost, and fear. Other fac- 
tors of convenience and utility are definitely limiting and reduce 
the applicability of air transportation to a limited field, auxiliary 
to surface transportation. Passenger traffic is herein given 
major consideration for four reasons: 


1 It is at present the major source of income for the air lines. 

2 It is most demanding and is determinative of much of the 
design specification for equipment. 

3 It offers the largest field for the development of real busi- 
ness volume. 

4 Revenue return from other sources of traffic cannot be 
affected by equipment change to any considerable extent be- 
cause their rates are determined outside of the control of equip- 
ment or management.’ 


The vehicle, with older forms of transportation, affects costs 
to a limited degree and sales to a maximum degree. The success 
of the so-called streamline train has proved this. Something 
of the same relationship exists with air transportation, except 
that equipment affects costs to a much higher degree. Where the 
expenses of the railroads are mostly bonded indebtedness, cost 


! Assistant to the Director of Flight Operations, United Air Lines 
Transport Corporation. 

? ‘Elementary Principles of Passenger Transportation,’’ by A. F. 
Bonnalie, Journal of the Aeronautical Sciences, vol. 5, August, 1938, 
p. 397. 

3 Air-mail rates are established by government authority and 
express rates are largely dictated by competitive services. 

Contributed by the Aeronautic Division and presented at the 
Semi-Annual Meeting, San Francisco, Calif., July 10-15, 1939, of Tue 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 


of fixed property and its maintenance, none of these appear in the 
air-line expense column to any marked extent. Instead, equip- 
ment depreciation and upkeep, pay of flying personnel, and fuel 
become the major cost burdens. 

Much of this discussion of air-line equipment must be aca- 
demic in character and while the author believes it to be sound, 
the problem is so complex that exceptions are bound to exist. 
It must also be appreciated that the viewpoint is biased and repre- 
sents the opinions of one student and not necessarily those of any 
one else. No claim to originality is made and much of the mate- 
rial is well understood throughout the industry, but the author 
believes that no comprehensive presentation of such data has 
been made. 

Of the many economic factors involved, size, speed, and degree 
of equipment utilization are receiving a great deal of attention. 
These three will be considered first. 


Tue Size or AIRPLANES 


Any study of air-transportation equipment must attempt to 
answer the problem of economic size. That inadequate answers 
are the usual result is merely indicative of the difficulty of the 
problem. That this answer will be no more adequate than 
others is a foregone conclusion, for the final answer can never be 
written as long as changing economic conditions exist and clever 
engineers are able to develop new materials, methods, processes, 
and mechanism. 

For the moment it will be accepted that traffic will be suf- 
ficient to allow the economic operation of large equipment. 
The questions then become what is large and how large is eco- 
nomic? How large can airplanes be built? Not all of these 
questions can be answered in other than general terms. Specific 
applications as to range and other requirements, together with the 
need of suitable operation off restricted flying-field areas, nature 
of the terrain, and weather must be considered. 

Fig. 1 shows the effect of increased size—on the cosis per air- 
plane-mile and per capacity-ton-mile of pay load. The costs are 
computed on a basis of average costs for the domestic air lines 
of the United States and necessarily certain specific design pro- 
portions had to be set for the family of airplanes under considera- 
tion. This chart was computed some three years ago and it is 
interesting that the operating costs of equipment built since 
that time have come well within acceptable estimating margins. 

As many of the costs of air-line operation do not vary directly 
with the increased size of equipment, it is to be expected that the 
ton-mile costs of transportation will improve as the size of the 
airplane increases. A radical change in design proportions would 
change the shape of these curves of costs per ton-mile and costs 
per airplane-mile, but most of the present-day airplanes are 
within a reasonable margin of these figures. Some small opera- 
tions, with less-than-average overhead, have lower costs than 
those shown, but others will be somewhat higher. 

The entire answer to the question of size cannot be covered by 
cost alone. Fig. 1 is based on the assumption that the propor- 
tioning is constant to the installed power. This is not strictly 
correct. As the size of the power units increases, there is defi- 
nite decrease in their specific and installed weight. The per- 
horsepower weight of instrument and other equipment also de- 
creases. Variations in structural weight of the airplane are 
much more complex, governed somewhat by the law of simili- 
tude, 
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(Based on 200 hr per month, 175 mph, 21/; lb pay load per hp.) 


Law OF SIMILITUDE 


This law, simply stated, is that with a geometric increase in 
size the weight will vary as the cube of the dimension, and the 
lifting surface as the square. Accordingly, increasing the di- 
mensions of an airplane would (where d is the ratio between the 
larger and smaller significant dimension): 


(a) Multiply gross weight by d* 

(b) Multiply wing area by d? 

(c) Multiply wing loading by d 

(d) Multiply power by d* 

(e) Multiply power loading by d*/d* = 1 
(f) Multiply load factors by 1/d. 


Increasing the wing loading and reducing the strength would 
not be practicable except for small changes in dimension. 
The performance would be affected as follows: 


(a) Landing speed would be increased approximately as the 
ratio of d’/*, 

(b) Maximum speed would be improved somewhat better 
than the ratio of d’/*. 

(c) The take-off run would be lengthened; the relationship is 
rather involved. 


Fortunately, the situation is not as severe as the foregoing 
would indicate. Many parts of the large airplane would not 
need to be proportional because smaller airplanes have many 
members determined by the minimum sizes that can be used, 
which are accordingly overstrength and overweight. It is also 
possible to reduce load factors somewhat (or their equivalent) 
as the size of the airplane is increased. The reducing of load 
factors cannot be carried too far, however. Better materials 
are also beneficial. It is to be noted that in the hypothetical case 
under consideration the useful-load ratio would remain un- 
changed. It has been argued many times that the law of simili- 
tude wrote a definite limit to the size of airplanes. This has 


always been said whenever the state of the existing art exhausted 
the available materials, methods, design, and mechanism. Ad- 
vance has so far invariably pushed the frontier farther, allowing 
more progress. Unquestionably, some limit exists, but the art 
has not progressed far enough for it to be apparent at the moment. 
Increasing size is accompanied by other problems, It is of 
course possible that the airplanes now considered huge will, 
as time passes, be quite as ordinary in the future as the large air- 
planes of a few years ago seem now. One of the possible limits 
is the physiological one. This does not seem to be acute how- 
ever, for the author has seen a test pilot leave a forty-ton trans- 
port and, overnight, test-fly a ton-and-a-half airplane, handling 
it to perfection. In other words, the competent pilot seems to be 
sufficiently adaptable to the physical size of the aircraft to be 
capable of making the necessary allowances for the size, thereby 
insuring equally satisfactory control over a wide range of size. 


ABILITY OF CREWs TO HANDLE THE LARGER AIRCRAFT 


The heaviest airplane that has been built, the Dornier DOX 
(129,000 Ib), or the two versions built for Italy, seemed to be 
within the capabilities of their crews. Likewise, the Maxim 
Gorky, with the largest span (207 ft 0 in.) that has been flown was 
controllable and flyable. The use of servo controls makes it 
practicable to put the control of almost any reasonably sized 
airplane to within the comfortable strength of one man. 

L. C. McCarty, Jr., project engineer of the Glenn L. Martin 
Company, analyzes the problem of landing large flying boats‘ as 
follows: 

What is the safe limit for landing speeds? This is a question 
of .... basic importance to future safety, speed, and efficiency. .. . 

With no limiting obstacles the safety in landing and taking off is 
dependent largely on the impact loads imposed on the structure in the 
event of bad landings, a bounce, or contact with an advancing wave. 

From dimensional analysis, the following important conclusions are 
indicated: 


4“Ocean Air Transportation,’’ by L. C. McCarty, Jr., S.A.E. 
Journal, vol. 40, no. 5, May, 1937. 
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BONNALIE—TOWARD ECONOMIC AIR-LINE EQUIPMENT 3 


1 The height of free drop increases directly as the linear-scale 
ratio or as weight to the '/; power for the same acceleration. 

2 Also for the same acceleration, the landing speed increases as 
the '/: power of the linear scale or as the weight to the !/s power. 

3 With increasing speeds, for a bounce of the same acceleration, 
the time interval to the subsequent contact with the water is in- 
creasing as the linear scale to the '/: power, thus allowing greater 
time for piloting decision and action. 

4 Since the height of free drop varies with the linear scale, the 
vertical velocity at contact (for the same acceleration) increases as 
the linear scale to the 1/3 power. Extending this reasoning, greater 
seaworthiness is indicated with the same design accelerations and 
with the landing speeds increasing as the '/2 power of the linear 
scale. 

5 The physiological limitations of the average pilot in judging 
absolute distance above the water as affected by increased landing 
speeds, sinking speeds, and his height over the water at the instant of 
landing are under investigation. Preliminary indications are that, 
other things being equal, the physiological limitations in this respect 
have not been approached. 

Summarizing it appears that, as the size increases and without 
“instrument”’ landings or the use of power in landing, the average 
pilot will be able to make landings with lower loads on the structure, 
less discomfort to the occupants, and with greater seaworthiness at 
increasing landing speeds. 

As an example, applying these principles, a landing speed of 75 
mph for a 50,000-lb flying boat (Martin 130) would indicate landing 
speeds of 98 mph for 250,000 lb gross weight and 39 mph for 1000-lb 
gross weight. 


Space LiMITATIONS FOR PASSENGERS 


One thing that seems to have definite limits, at least for any 
long-range aircraft, is the rapidly increasing crowding effect with 
increased numbers of passengers. Compartmentalization of 
habitable spaces will help, but even this has limits. The required 
volume of space per passenger is a variable that needs much 
consideration. The problem becomes most acute when any 
more than a relatively small number of passengers are involved 
for more than a relatively short space of time. Assuming ade- 
quate ventilation and heating, apparently the factors to be con- 
sidered include: number of persons, number of personal con- 
tacts, length of trip, whether night or day, the relative diver- 
sion of interest, and the gregariousness of those involved. 

For instance, a small group of people, well known to each other 
and making a daylight trip of a few hours in a private auto- 
mobile, represent the smallest practicable cubature per person. A 
small car capable of carrying a maximum of six persons will have a 
total cubature of 114 cu ft, or 19 cu ft per person. It is probable 
that these six people are either closely related or at least quite well 
known and friendly to each other. The horizon from the car is 
limited, the scenery and events are in close proximity, the change 
of scenery is rapid, and the constant stream of opposing traffic, 
each unit of which opens a potential hazard of collision, all com- 
bine to offer the rider diversion of a high order. Analysis of 
this situation gives the following: 


Number of personal contacts, n (n—1)/2... 15 


It is probable that this space represents the lower limit per person 
that could be used. On long journeys the small car becomes 
rather cramped for capacity loads. The inclusion of strangers 
lowers the gregarious factor rapidly and any reduction of the 
diversion factor tends to aggravate conditions. Total strangers 
with no desire for contact with their fellows and no diversions of 
any kind would feel comfortable only if the space were propor- 
tional to the number of contacts (combinations of two) that are 
possible. This would be the extreme limit of space demand. 
Fig. 2 shows the two limiting curves. The lower curve is the 
straight-line relationship of 19 cu ft per person, the lower limit. 


The steeper curve is an assumed upper limit of 19 cu ft per pos- 
sible personal contact or 19 n (n — 1)/2. 

This problem of space and diversion is a real one. As the num- 
ber of passengers increases, the difficulty of providing for the hu- 
man pay load increases faster than the numbers involved. Even 
the development of airplanes large enough to have habitable 
wings may not be more than a minor relief. It is also going to be 
necessary to take these factors into consideration in the construc- 
tion of terminal facilities, waiting rooms, and so on. 
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Fie. 2. Limits 1n CaBin-Space REQUIREMENTS 


The suitability of any design from the standpoint of space for 
passengers may be expressed as 


Where Q = the relative space factor 
n = the number of persons in the cabin, including the 
attendants 
H, = habitable volume of the airplane, cu ft 
b = the number of compartments or divisions of space 


Q will really be the smallest practicable space per occupant in a 
rather low-capacity vehicle. Q should vary with the time of 
uninterrupted occupancy and the available diversions. 


Tue Errects or SPEED 


Fig. 3 shows the effect of speed on operating costs, assuming 
that speed is gained by aerodynamic improvement and mechani- 
cal development, not by merely increasing power. The reduc- 
tion in costs per airplane-mile that accompanies increased speed, 
while not spectacular, is important. 

Fig. 4 shows the per-mile costs plotted against speed where 
change of speed is made by change of power. Much of the in- 
creased cost at the higher speeds is due to the decrease in relia- 
bility of power plants at the higher outputs. Some assump- 
tions of cost due to power-plant failure were made in this compu- 
tation, but the decrease in reliability is based on fact. Improve- 
ment in power-plant reliability and durability would allow in- 
creased speed with accompanying reduced cost. Overpowered 
equipment is another question, however, that cannot be covered 
here. 

Speed is extremely important to air transportation for it is one 
of the major reasons for the method. Wright, in his paper® ex- 
presses the speed-merit relation as 


Fr = FV, = V2 U/(22.7 W, + 1000 P, + 100 U)....[2] 


5‘*The Economics of Speed,” by T. P. Wright, read before a 
meeting of the Institute of the Aeronautical Sciences at Cleveland, 
Ohio, on Sept. 4, 1937, reported in Western Flying, October, 1937. 
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4 TRANSACTIONS OF THE A.S.M.E. JANUARY, 1940 
Where W, = gross weight, lb on the Belgian Congo, across the American continent, and a 
P, = cruising brake horsepower (usually 60 per cent service into Tibet at one and the same time—to say nothing of 
normal rated power) including transoceanic services or possibly nonstop over-the- 

U = useful load, Ib pole operations. Each of these operations and innumerable 

Fo = airplane-operating efficiency factor others would call for widely different characteristics for an ideal 

Fy, = air-transport efficiency factor piece of equipment. An almost unlimited number of equip- 

V. = cruising speed, mph. ment specifications can be drawn and as many or more aircraft 


Wright credits Kendall Perkins with the development of this 
relation and further says that it is based on the findings that 22 


¥/.00 
= 
Totay cost per Airplane Mile. 
~ 
guiprient Maimlilenance 
v FPay\of tlying ersonre 
4 
§ <0 
JO Service K 
Operahonr 
/00 125 150 IV 200 225 250 


Miles per hour 


Fie. 3. Errect on Per-MILe Costs or INCREASED SPEED DUE TO 
AERODYNAMIC AND MECHANICAL IMPROVEMENTS 
(Typical air-carrier airplane in average U.S. A. domestic operation.) 
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Fie. 4 Errect or INCREASED Power ON PER-MILE Costs 


(Typical air-carrier airplane in average U.S. A. domestic operation. Speed 
increased by higher power without improved durability and reliability of 
power plants.) 


per cent of average operating costs can be assigned to gross weight 
(airplane depreciation and maintenance), 46 per cent can be as- 
signed to power (fuel, oil, engine depreciation, and maintenance), 
32 per cent can be assigned to useful load (all types of insurance 
and crew pay). 

According to this analysis, the most important economic factor 
is speed, followed by useful load, power, and gross weight in that 
order. Range does not appear in the formula except by the in- 
ference that it depends in part on useful load and cruising power. 

This rating formula, while it attempts to include the sales value 
of speed, overlooks other sales factors of relatively great value, 
particularly comfort. It is a repetition of the old ideal of trying 
to put into one simple relationship the full merit of the vehicle. 
Such a hope is obviously a vain one, for no one formula can pos- 
sibly include the necessary considerations of, say, an operation 


built to*meet them. Accordingly, only this one figure of merit 
is considered here, although many have been proposed. 


SPEED 


The von Karmdn formula for speed, somewhat modified by 
Lesley, expressed in mph, hp units 


vet)" 


CpP15 


Vise = 722( 


Where » = propeller efficiency 
C, = lift coefficient (absolute) 
V, = landing speed, mph 
Cp = absolute drag coefficient, whole airplane 
P, = power loading, lb per hp 
6 = ratio atmospheric density. 


Indirectly this formula takes into account wing loading W/S 
and wing power hp/S and is directly concerned with the over-all 
efficiency of the design. From this, it can be seen that the im- 
portant items for the development of high speed are: 

1 Wing load, as high as is practicable considering landing, 
take-off, and maneuverability. 

2 Lowest possible drag for the airplane with the highest 
possible propeller efficiency. 

3 Lowest possible weight per horsepower. 
highest possible wing power. 

4 Lowest atmospheric-density ratio with maximum thrast 
(highest propeller efficiency and horsepower output at high 
altitude). 

Putting the above formula into another form, expressed in 
ft-lb-per-second units 


, 
Cc max 
Cp (W/P) 


W = weight 
P = power = hp X 550 
However, = 2W/C, max Sp 


In other words, 


p = mass density of the air 
S = wing area, sq ft 
Substituting V = (2nP/Cp ................[5] 


If it is assumed that 7 (propeller efficiency) is constant, that at 
any one altitude p (mass density of the air) is constant, also that 
Cp (coefficient of drag) is constant, speed can be seen to vary 
as the cube root of the wing power. For all practical purposes 
this relationship has been found to be true. Some authorities, 
notably Warner and McGinty, have used (2n/Cpp)'/? as a con- 
stant for any one airplane. When English units and constants 
are used, this figure sometimes called “specific speed,” is the 
speed of the airplane in miles per hour were its engine developing 
one horsepower for each square foot of wing area. It is a good 
measure of the relative cleanliness of any design. 


DEGREE OF EQUIPMENT UTILIZATION 


This factor is of two parts: 

(a) The actual utilization of pay load in a given vehicle 
on a given operation called load factor. 

(6) The amount of hours of flying that can be accomplished 
by the average airplane on the average operation. 
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BONNALIE—TOWARD ECONOMIC AIR-LINE EQUIPMENT 5 


Load Factor (Ratio of Revenue Load to Capacity Pay Load). 
It is, of course, important that the highest possible load factor 
be maintained in order that the greatest possible percentage of 
capacity revenue be developed. Fig. 5 shows a plot of idealized 
loads showing variations in load factor. This plot is not taken 
from fact, but shows variations between limits, with even varia- 
tions being assumed. For instance, when the load is 100 per cent 
and 0 per cent on two successive trips, the load factor is 50 per 
cent. When the variation is uniform between 100 and 60 per 
cent, the load factor is 80 per cent. Actually, in order to develop 
high load factors it is necessary that full loads be carried oftener 
than light loads. Whenever the revenue load actually developed 
approaches the capacity pay load, it is probable that some busi- 
ness has been turned away because of lack of capacity. Further- 
more, a great deal of airplane business is emergency in character. 


/00§, 


fh 
it 
if 
| 
i 


| 
| 
| 


Varying Loos 


N 


2 Of Capacity Load. 


70 15 


Trips 


Fie. 5 VARIATION IN Loap Factor 
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(Typical air-carrier airplane.) 


When the carrier is unable to accommodate an emergency due to 
lack of capacity, it is failing in its service in the public conven- 
ience and necessity. 

From Fig. 5 it can be seen that the development of load fac- 
tors much higher than about 60 per cent allows little reserve 
capacity for possible demands. It is accordingly essential that 
the air carrier be able to perform its service with a load factor 
not much in excess of 60 per cent in order that it may be able to 
discharge the obligation assumed as a common carrier. Air- 
planes that can operate on this load factor at a profit on pas- 
senger rates are still a matter for future development. 

Flight Utilization. Fig. 6 shows the effect of varying the 
hours of flying per month on the operating costs of the typical 
air-line airplane previously considered. As it is regular practice 


to service air-carrier airplanes after not exceeding 20 hr of flight 
with engine changes at intervals of from 450 to 600 hr of flight, 
it is difficult to operate at more than about 180 hr per month in 
regular schedule. 


RANGE 


The next factor of importance economically is range. Any 
airplane having a theoretical range of about 10,000 miles will be 
capable of flying from any habitable portion of the earth to prac- 
tically any other habitable location. This is still beyond the 


fuel Consumption per mile flown. 


Average earnings per mile with 


Aver. earnings with Wp= ‘ye 


Earnings per Flight. 
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7 GrapuHicaAL DEVELOPMENT, EARNINGS PER FLIGHT aT 
Various RANGES 
useful load = gross weight less empty weight 
disposable load = useful load less crew and supplies 
ay load = disposable load less consumable load (fuel) 
Jarnings for any one flight are a maximum when 
W p/2 (Consumable load = pay load = 1/2 disposable load) 


Wu = 
Wp = 
Wp = 


We = 


best that has been done, even with all of the carrying capacity . 
devoted to fuel with the minimum of crew. 

Disregarding fuel reserve, other operational and geographical 
limitations, and assuming that pay load produces revenue on a 
direct pound-mile basis, a strictly theoretical concept shows the 
revenue situation in Fig. 7. Fuel is zero when the disposable load 
is all pay load, so earnings are also zero. Likewise, when the 
disposable load is all fuel, earnings are again zero for no pay load is 
carried. Earnings are a maximum when fuel load equals pay 
load on any one flight. As a transport operation is mostly one 
flight added to another and so on, the graph shows that earnings 
will be a maximum for a completed trip when fuel is held to a 
minimum and frequent stops are made. These relationships 
have become familiar from many repetitions, and, while aca- 
demic in character, study will help a true concept to develop. 

It is obviously impracticable to use too many operating stops 
as the operation will be slower and sale of traffic more difficult. 
The longer nonstop operations assess a penalty in reduction of 
pay load by the heavier fuel needs, but selling is enhanced and 
under certain conditions such operations are accordingly justified. 
The longer the distance between stops the lower is the cost of 
operation per mile. Additional landings not only slow down the 
flight speed, but actually increase operating expenses. 

If the theory of range be simplified by assuming fixed power 
output and accordingly fixed fuel consumption per hour, then 


where R = range, miles; E = endurance, hr; and V, = cruising 
speed, mph. 
But EB = (We — W;)/hp,C................ [7] 


where Wo = initial gross weight, W, = final gross weight, C = 
specific fuel consumption (average), hp, = average cruising 


horsepower, and 
1/3 
max V;? 


= 
: 
ae 
j 

pe 
i 
AD 
| 

: 
4 
R= 
a 
ss 
<4) 
P 


TRANSACTIONS OF THE A.S.M.E. JANUARY, 1940 
/900 
1700 f 
1500 
AY j ; / NY Q 
\) ¢ / my 
N "Ns V7 \7 
900 | L 
» 
N 
S s00 
Alicorves for Max. Gross Wr. 
300 


60 40 20 O 


Tat! Wind Wind 


20 40 60 80 00 120 140 0 780 200 220 240 


7rve Air Speed, Mph 


Fie. 8 Power REQUIREMENTS 
(Typical transport airplane.) 


substituting V;? = 2 W/C, max Sp 


1/3 

2nhp, 

V, = 7.22 | —— 
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This development makes some simplifying assumptions that 
cannot be applied in practice. The purpose has not been to 
develop a precise equation, but to establish an expression that 
will allow an appreciation of the important design factors. 

Actually, to develop either the greatest endurance or the great- 
est range, the power output will be varied in order to maintain 
the most effective air speed for the purpose. Internal-combus- 
tion engines being what they are, the best results will be obtained 
at the lowest practicable rotational speed of the engine and the 
highest possible brake mean effective pressure that can be al- 
lowed. 

Fig. 8 shows the polar curves of power required against true 
air speed for a typical air-carrier airplane at three altitudes. A 
tangent drawn from the origin will determine the air speed for 
most miles per gallon in still air, assuming a flat curve for specific 
fuel consumption. Moving the point from which the tangent is 
drawn to the right or left of the origin will allow for head and tail 
winds, respectively. The actual curve of specific fuel consump- 
tion for the engines used will alter the slope of the polar curves 
somewhat as will the propeller-efficiency curve. Correcting these 
curves with factors determined from specific fuel consumption 
and propeller efficiencies will make curves that are quite critical 
and useful for flight-control purposes. 

The foregoing represents a few of the factors in the develop- 
ment of economic air-line equipment. There are many more, 
most of which are imperfectly understood, but it is felt that 
more discussion of the problems may lead to a better understand- 
ing and appreciation of them. 


then 


At the present moment the available air-line equipment is 
more economic than any that has preceded it. The best has not 
been developed as yet; there is still enormous room for improve- 
ment. 


Discussion 


Wa ter F. McGrinty.* The author is to be congratulated for 
his very complete presentation of recognized economic factors for 
air transportation. 


A symbol or two seem to be missing, and some minor corrections , 


are required in the equations which have to do with “speed.” In 
Equation [3], for the maximum speed of an airplane in miles per hr, 
the terms of the various factors indicate that the landing speed 
is the limiting landing speed at sea level; therefore, in the ex- 
pressions following Equation [4], the equation for the square of 
the same landing speed should correspondingly be given in terms 
of mass density of air at sea level. This will allow a correct 
transition to Equation [5]. In Equation [8], the atmospheric- 
density ratio is missing from the denominator. The next equation 
would be true only if the limiting landing speed were in ft-per-sec 
units. Due to the fact that the landing speed is defined in this 
paper as the limiting landing speed in miles per hour, the coeffi- 
cient, 7.22, in Equation [9] should be eliminated in favor of the 
value 5.59. 

The writer feels that any discussions of air-line economy finally 
come back to discussions of equipment economy. When reduced 
to basic essentials, Equation [3] contains every element of eco- 
nomical operating efficiency. An examination of this equation 
points to the obvious conclusion that high maximum and cruising 
speeds will be attained with any airplane, provided that the 
propulsive efficiency, the maximum-lift coefficient, and the landing 
speed are made as great as possible; and that total-drag coeffi- 
cient, power loading, and the density ratio be made as small as 
possible. Landing speeds are dictated by common sense or 


6 Transair Corporation, San Francisco, Calif. 
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government regulation. Maximum-lift coefficients have been in- 
creased greatly these last few years with the development of 
special wing devices, but practical limits are indicated in this 
direction already. Power loadings, on the other hand, must be 
increased considerably over present-day figures in order to insure 
lowered fuel costs. The choice of a proper operating altitude that 
will allow intelligent increases in speed, commensurate with 
power-plant and passenger difficulties with high altitudes, limits 
the possible decrease in density ratio. What remains then is the 
ratio of propulsive efficiency to total-drag coefficient. This ratio 
must be increased if better economies are to be realized. The 
problem is the same now as it has been for the last 30 years. It is 
the responsibility, therefore, of airplane and power-plant designers 
to see that this ratio is made a maximum consistent with struc- 
tural and maintenance limitati ns that might well enter. 

In the floor discussion that followed the presentation of the 
paper, the author was asked whether he believed that air-line 


equipment units were going to increase greatly in size in order 
to minimize the number of scheduled trips for a given traffic 
density or whether over-all costs would be lowered if a greater 
equipment utilization was realized with smaller airplanes operat- 
ing more frequently. In this regard, the writer feels that we shall 
see a much greater diversification of airplane equipment types 
than at present in order to increase over-all traffic by providing 
transportation to the smaller communities which are not served 
by air at present. To accomplish this, there will likely be at 
least three general classes of equipment: Large airplanes with 
moderate fuel capacity to serve large communities in densely 
populated areas; slightly smaller transports, designed to operate 
over long distances for our transcontinental services, stopping 
only at the larger cities or where refueling may be required; and 
a much smaller airplane, designed to equip the smaller air lines 
and to act as “parallel feeders” and ‘‘cross feeders” for the main 
lines. 
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The Flow of Water in Channels Under 
Steep Gradients 


By W. F. DURAND,! STANFORD UNIVERSITY, CALIF. 


In the case of water flowing down a steep slope with the 
upper surface exposed to the air, the usual conditions and 
equations for hydraulic flow under moderate velocities no 
longer apply. The changed conditions involve greatly 
increased velocities, insufflation by air, a surface in 
contact with the air, uneven, foamy and rolling, with 
consequent air resistance as an important factor in the 
problem. 

The questions of interest involve the history of the 
water from its start at a zero or moderate velocity at the 
top of the slope until it reaches the bottom, or until a 
limit velocity is reached where the resistance to flow 
equals the acceleration, and measurably steady conditions 
continue. Specifically, the questions of chief interest are: 
With given conditions at the top of the slope, what velocity 
will be acquired after a given length of run or after a 
given period of time? The present paper gives a mathe- 
matical stepwise solution of these problems, depending on 
a knowledge of the initial conditions and a known or as- 
sumed value of a coefficient 8, relating the resistance to 
flow at a given point in the run or at a given instant of 
time, to the square of the velocity. Values of the coef- 
ficient 8 await the results of observation on actual cases 
of such flow. With representative sets of such values, an 
attempt at generalization could be made. A further im- 
portant question relates to the details of the way in which 
the air enters a stream of rapidly flowing water, thus pro- 
ducing the insufflation which is so important a factor 
in the problem. 


HE PROBLEMS arising in connection with the flow of 
water in channels more commoniy relate to moderate 
gradients, low to moderate velocities, and steady condi- 
tions of flow. We are not, as a rule, concerned with the intro- 
ductory period during which the velocity is increasing from zero, 
or from some initial velocity, to its final or steady-flow value. 
Under these latter conditions the forces making for acceleration 
are balanced by the resistance to flow and steady conditions pre- 
vail, that is, over any given cross section of the stream, the 
distribution of velocity remains sensibly constant in time. 
Furthermore, the moving medium may be assumed to remain con- 
tinuously in the liquid phase, that is, without sensible insuffla- 
tion by air. And again, the resistance opposed to the flow may 
be considered as that developed between the moving liquid and 
the solid boundaries which constrain its motion, fluid friction so 
called. 
The final or steady-motion velocity which is acquired under 
these conditions is, then, the item of principal interest and 


1 Professor Emeritus of Mechanical Engineering, Stanford Uni- 
versity. Honorary Member A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting of THe AMERICAN SocieTy OF MECHANICAL 
EnainerErs, San Francisco, Calif., July 10-15, 1939. 

Discussion of this paper was closed September 1, 1939, and is 
published herewith directly following the paper. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


forms the subject of the well-known classical treatment of the 
subject. 

In the case of water flowing under steep gradients, however, 
the preceding simple conditions of flow no longer prevail. The 
velocities acquired may be high and the resistance to the flow 
can no longer be restricted to the solid boundaries of the stream. 
The air boundary now begins to play a part, and gradual in- 
sufflation with air brings a change in the density of the flowing 
medium and in the mean hydraulic radius of the section. The 
surface of the flow becomes broken and irregular due to wave 
formation (action between air and water) and due also to the 
marked velocity gradient between the bottom of the flow and the 
top. The latter is especially marked in case the flow is relatively 
shallow in depth. As a result, the flow may become transformed 
from a liquid phase into an extremely turbulent foamy phase with 
a rough and irregular upper surface involving a greatly increased 
resistance by the air boundary of the stream. 

Under these conditions of flow, we are not only concerned with 
the ultimate velocity which may be acquired, provided the 
channel is long enough, but we are also interested in the velocity 
which may be acquired in a given length of channel or in a given 
interval of time. We are, therefore, concerned with relations 
between velocity, distance, and time, during the period of ac- 
celeration from an initial velocity v; toward a final velocity >. 

The present treatment of this problem differs from the well- 
known solution by Bakhmeteff in that, with insufflation, the as- 
sumption of a continuous liquid phase is no longer tenable. Fur- 
thermore, the effect of the fluid pressure within the sheet is neg- 
lected and the slope of the flow is taken as that of the bottom sur- 
face of the channel. The simplification thus realized by throwing 
all variable hydraulic conditions into one factor 8 (as defined 
later) makes possible the direct solution in terms of hyperbolic 
functions rather than in terms of a special function, as in the 
Bakhmeteff solution. The present treatment is presented in no 
sense as a substitute for the detailed Bakhmeteff solution but 
rather as a relatively direct mode of approach through well- 
known tabular functions to problems involving insufflation, 
always assuming that values of the coefficient 8, based on experi- 
ence, may be available. 

The treatment of the problem mathematically will obviously 
depend on the continuously varying relation between accelera- 
tion and resistance or retardation. If we know the angle of 
slope of the channel at any given point, we can, for a unit of 
mass, determine the acceleration due to gravity at that point. 
If the slope is uniform, so also is the acceleration. 

The question then turns on the relation between resistance 
and velocity. For the ordinary case of channel flow we are 
content, for most practical purposes, to assume the resistance, 
or fluid friction, to vary as the square of the velocity with a 
constant coefficient, the value of which will depend on the cir- 
cumstances of the flow, especially the mean hydraulic radius and 
the roughness of the surface. 

In the present case we may make the same assumption as to 
velocity, but now with a value of the coefficient varying with 
the velocity instead of constant. This will give, for the re- 
sistance to the flow, a term of the form 8v*? where » is the velocity 
at any instant of time (or point along the flow) and 8 is the 
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value of the coefficient for that value of » and for the other cir- 
cumstances of the flow at that time or point. The phrase, ‘‘ve- 
locity at any instant of time (or point along the flow),” is not 
precise, since the velocity will vary, perhaps widely, over the 
cross section of the flow. As usual, however, it may be accepted 
as meaning the general average velocity of flow over the section. 

If then we denote the angle of slope of the channel (not neces- 
sarily uniform) at a given point along the line of flow by 8, 
we shall have, for the general equation of flow the differential 
form 


dv/dt = gsin 0 — Bv®................ {1] 


With the equation in this form, with 6 variable from point to 
point along the channel and with 6 variable with the velocity, 
analytical treatment of the problem appears to be out of the 
question. The same is true with @ constant, as is more com- 
monly the case, but with 8 variable. If, however, we know the 
values of 6 from point to point along the channel and if we have 
some clue to the relation of 8 to the controlling conditions of the 
flow and to the velocity, we may then assume these values con- 
stant for a brief interval of time—one second or shorter if de- 
sired. If then we can solve the equation for constant values of 
6 and 8, we may, knowing the values of velocity or distance at 
the start of the period, find those for the end of the period, and 
thus stepwise trace all values through as far as may be desired. 

It is seen, of course, that this method of treatment is approxi- 
mate only. First, the resistance is assumed to vary with the 
square of the velocity and second, the value of 8 is assumed to 
remain constant at some mean value over a short period of time. 
Justification for the first assumption is found in the fact that 
it is one of the conditions of a practicable analytical treatment 
and, further, that it is in line with the general practice in problems 
involving the relative motion between a fluid and its boundaries. 
Justification for the second assumption is found in the fact that 
by decreasing the time interval over which 8 is taken constant 
at a mean value, the approximation may be made as close as de- 
sired—in any event much closer, presumably, than the ob- 
servational data on which the values of 8 may depend. 

With this by way of introduction, we may now proceed to the 
‘discussion of the equation of motion. 

We consider first the simple case where both the slope and 
8 are constant and v; = 0. We then take the more general case 
where »; is not zero and where, as will be seen, the treatment 
will provide for a stepwise approximate solution for the case of 
variable @ or 8 or both 6 and 8, from point to point. 

Turning then to Equation [1] we put a for g sin @ and have 


dv/dt = a — Bv? 
For dv/dt = 0 we have for the limit velocity 


Put the equation in the form 
dt 1 


The fraction on the right is readily separated into two partial 
fractions giving 


1 dv dv 
This integrates immediately as 
1 + gi/y\ | 
t Qa? log ah — ply (5) 


2 Throughout the treatment, log means the Napierian log, or loge. 
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With », = 0, that is, a start from rest at the top of the slide 
and with ¢; = 0, we have 


= log 
a 


Dividing through numerator and denominator of the fraction 
by '/*, remembering Equation [2], and putting 


u for a'/*3'/t and for 


Equation [6] becomes 


v+t 


t 
= ~— 10 
Here again for v = 9, = © which shows that 9 is reached only 
after an infinite time. However on the assumption of 8 con- 
stant we find readily the time required to reach any stated 
fraction of 5. Thus put v = mj. Then Equation [7] becomes 


1 1 


For m = 0.90 this gives t = (1/24) log 19 

For m = 0.95 this gives t = ('/2u) log 39 

For m = 0.99 this gives t = ('/.u) log 199 

Now taking exponentials and solving Equation [7] for v or 
Equation [8] for m, we have 


= 


ais 


Equation [9] with a series of values of ¢ will give the correspond- 
ing progressive values of v. 

Equation [9] may, furthermore, be conveniently transformed 
into an expression in terms of hyperbolic functions as follows: 


Since tanh = Equation [9] gives 
directly 
v 
4 


Thus with a table of hyperbolic tangents and any assumed 
values of t, the values of m and hence of v may readily be found. 

Again in Equation [10] putting v = ds/dt and integrating be- 
tween limits of 0 and t, we have 


S =~ (log cosh pt) {11} 


Here again, with tables of hyperbolic cosines and natural 
logarithms, the value of the distance for any value of t may be 
directly found. 

We return now to Equation [5] and take the more general 
case where »; is not zero. Substitution of the limits t,, t, and 1, 
v, with put for a’/*/s'/* gives 


1 
2) 
u(t — th) 3 log (: ‘) (? *) [12] 


Or putting At for t—t, and remembering that we may put 


o+v 
? for and for {13} 


Equation [12] takes the form 
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This equation gives the time interval At required for an in- 
crease of the velocity from v; to any given value v. 

Then going back to Equation [12], taking exponentials, and 
solving for v, we find 


+ + — 11) 


v 
ms 
4 
which may be compared with Equation [9]. 
This equation gives the velocity v acquired after an interval 
of time At, starting with an initial velocity v; and knowing 3. 
See Equations [13]. 
In a similar manner as for Equation [9], we may express 
Equation [16] in terms of hyperbolic functions as follows: 
Put = r,%e7#44 Then Qu = 2u At + 2 log and, similarly 
as for Equation [10] 


= tanh (uAt + log ............. \17] 


With values of 9, »:, and At, the value of v is thus found di- 
rectly from a table of hyperbolic tangents. 

Again putting ds/dt for v, we integrate Equation [17], giving 
for the space interval AS the value 


“OS At + log 


cosh (log 


This gives the space AS passed over in the time At starting 
with an initial velocity v. 

By solving inversely certain of the preceding equations and 
collecting together, we have explicit expressions for all six possible 
relations between the variables v, t, and S for initial v = 0, and 
for v, At, and AS for initial v = 1. 

These are as follows: 


GENERAL FORMULAS 


In the following formulas, note that 


AS 
0; v v 
Where v, = 0 
For t in terms of v 
1 
2 p—v 
For t in terms of S 
For v in terms of t 
—1 
[c] 
For v in terms of S 
For S in terms of t 


For S in terms of v 


= tog cosh (4 og ) = Frog cosh og 
2 


Where »; is not 0 
For At in terms of v 


1 p+v\f/o—n r 
=—-| = log —...... A 


For At in terms of AS 


pdt = cosh! (e% cosh log \1) — log Ay...... [B] 
For v in terms of Al 


v=p = tanh (uAt + log Ai) 


or log X = + log Ar... eee [C] 
For v in terms of AS 


v = tanh [cosh~ (e7? cosh log 


or log \ = cosh™! (e? cosh log \1).......... |D) 
For AS in terms of At 
sh (uAt + log 
cosh log 


For AS in terms of v 


D cosh log X 
AS = - log ————- 
cosh log 

Thus far the analytical discussion has proceeded on the as- 
sumption of constant values for both @ and 8. While quite 
commonly a might be found constant, the value of 8, as already 
noted, may be expected to change with the changing physical 
conditions usually met with in flows of this character. At the 
start the value of 8 will involve the coefficient of friction between 
water and the surface of the conduit, the density of the flow, 
and the mean hydraulic radius. As the flow follows down the 
slope, all of these conceivably may change. Air friction will 
enter as a factor, especially with indraft of air and insuffla- 
tion of the stream, and in particular if the flow becomes broken 
and irregular with boiling rolling turbulence, with wave action 
at the surface raveling out into spray. As the gradient ap- 
proaches extreme limits, from 80 to 90 deg, there is a tendency, 
as is well known, for the entire flow to break up into spray and 
mist, provided the descent be of sufficient length. 

These same physical conditions will affect likewise the average 
density of the flow «nd the mean hydraulic radius. It would 
seem not unreasonable to expect a continuous increase in the 
value of 8 from point to point down the flow. However, any 
attempt to introduce 8 as a function, either of distance or time, 
into the basic Equation [1], introduces a complexity rendering 
direct integration impracticable. 

The same results follow with variable slope, that is, with a 
variable. If, however, we assume both a and 8.constant for any 
specified time, such as one second, we shall have, for this period, 
Equations [14] and [16] as the solution of the basic Equation 
[3] with the known (or assumed) initial velocity ». This pro- 
vides a means for tracing the velocity through from second to 
second, with any known series of values of a and any assumed 
values of 8. If, as in the more usual case, a@ is constant, we shall 
have only to take the assumed values of 8 from one time interval 
to another. 

Thus for the first second assume a velocity of approach », and 
for 8, some value §;. This will give v at the end of second 1. 
This then becomes »; for second 2, and with another value Bs, v 
at the end of second 2 is found. This in turn becomes », for 
second 3, and so on as far as may be desired. 
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It now remains to discuss briefly the relation of 8 in Equation 
{1] to the more familiar quantities connected with fluid friction. 

We may derive immediately the desired relation as follows: 
From Equation [2] we have 


sin 6 

But o is the same v as that given by the familiar formula v = 
C+/(ip) where C is the Chezy coefficient, i the hydraulic gradient 
which for steady flow equals sin 6, and p is the mean hydraulic 
radius. Equating these values of (§)? and v? and solving for 8, 
we have 


= 


However, it will be desirable to develop this relation in such 
manner as to bring in the two fundamental characteristics of a 
fluid, viscosity (as evidenced by fluid friction) and density, 
and to this end we proceed as follows: 

In any conduit let f be the coefficient of friction for unit 
velocity. That is, f is the drag in pounds force per unit area 
of surface for unit velocity. Assume friction to vary as v?. 


Then let w = the weight of unit volume of the fluid 
a = cross-sectional area of channel 
p = wetted perimeter of channel. 


Then for a small length dz of the channel or conduit, we shall 
have 
Drag for length dz at velocity v = fu’pdz 
Weight of contents = wadz 
Drag per lb, fu2pdz + wadzx = + wa 


If then we put p = a/p = mean hydraulic radius, this be- 
comes 
Drag per lb contents of flow = fv?/pw 


This then is the drag in pounds force on a pound weight of the 
contents of the flow and as such it will produce negative ac- 
celeration measured by the force divided by the mass. But the 
mass of 1 lb wt is 1/g and hence the negative acceleration pro- 
duced by the drag fv?/pw will be gfv?/pw. 

This is represented in Equation [1] by the term fv*. 
we have 


Hence 


Next, if we take the familiar Chezy formula for loss of head, we 
have 


This is loss of energy per lb wt of fluid in traversing a distance 
L, and is measured by the work done on 1 lb wt in traversing 
this distance. Hence the resistance overcome will be measured 
by dividing the work by JL, or, drag = v?/C%p. 

But, as we have just seen, this is also measured by fv*®/pw. 
Hence equating, we have 


1/C? = f/wor f = w/C*..... [22] 


This gives a relation between the coefficient of friction f and 
the familiar C of the Chezy formula. 

Again from Equations [20] and [22] we have, as in [19] 
8 = g/C*p giving, as before, a direct relation between 8, the 
Chezy C and the mean hydraulic radius. 

Returning to Equation [20], we may write 6 ~ f/pw. 

In comparing the value of 8 at some point down the slope with 
its value at the start, we have then to query the changes in f, p, 
and w. 

With high velocity, irregular water surface, and insufflation 
of the stream, air friction will enter as an important factor and 
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the effective perimeter must include the air surface as well as the 
channel surface. The value of f for the friction between the 
channel surface and a mixture of air and water will also come into 
the picture. There seem to be no available data on such a com- 
plex value of f. The effect of insufflation, without the air perime- 
ter, will be to increase p and decrease w. The inclusion of the 
air part of the perimeter will decrease p. Decrease in the values 
of either p or w, or both, will tend to increase the value of 8. 
On the other hand, the increase in velocity will tend to decrease 
both a and p, but with a decrease in the value of p. That is, 
increase in v by itself will result in a decrease of p, insufflation 
by itself will increase p and decrease w, and including the air 
part of the perimeter, will decrease p. There seem to be avail- 
able no data on which to base a judgment for any particular case 
as to the ultimate effect on f, p, or w, and still less on the resulting 
value of 8. 

Accurate observations on the values of v in any particular 
case would however make possible, by a cut-and-try method, the 
determination of a series of values of 8 which would fit that par- 
ticular case, but there does not appear to be any theoretical 
method whereby such values could be generalized to extend to 
other cases with varying values of the slope, proportions of the 
flow sheet, and the like. 

Such observations would, however, be of value in at least deter- 
mining the facts and in making possible the determination of 
ranges of values of § for particular cases. An accumulation of 
such data would then make possible at least an approximate solu- 
tion for the usual run of cases which are encountered in practical 
experience. 

A question of fundamental interest and importance, collateral 
with the main problem is, how, in the course of the flow of 
water down a steep gradient, that is, with high velocity, does 
the air get into the water? What are the factors which deter- 
mine such insufflation and on what conditions of the flow do they 
depend? In the present paper no attempt is made to deal with 
these important questions; there seems to be too little to go on in 
the way of experimental evidence; but it is hoped that the in- 
terest and importance of these questions may stimulate, by way 
of laboratory research, suitable investigating which may throw 
some light on this apparently obscure phase of the general 
problem. 

It may be noted that the treatment in the present paper im- 
plies a continuous discharge, for the time being, of a uniform 
quantity of water down the steep sloping discharge channel, 
rather than the movement of a discrete gulp or wave of water. 
The same basic equations would appear likewise to apply even 
to the case of a sudden wave, but in such case the form of the wave 
would vary continuously down the slope with resulting increased 
difficulty in the evaluation, from point to point, of suitable values 
of the coefficient 8. 

Furthermore, the discussion thus far has been quite inde- 
pendent of reference to specific applications. One of the principal 
fields of such application would be found in connection with the 
design of means for the absorption of the energy of the water 
flowing down the spillway of a dam, such as the Grand Coulee 
Dam on the Columbia River, or the Shasta Dam on the Sacra- 
mento River. In the former, the water will plunge into the river 
on the downstream side of the dam, and then under the influence 
of a submerged curved lip—the so-called “bucket’’—it will be 
deflected upward, with transformation of most of the kinetic 
energy of flow into the energy of eddies, boils, and mixed tur- 
bulence. In the latter the energy is to be absorbed in a special 
form of hydraulic jump. In both cases the velocities likely to be 
acquired in the flow down the sloping face of the spillway are of 
definite interest in connection with the design of the ‘“‘bucket”’ in 
the one case or the hydraulic jump in the other. 
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Broadly, the methods outlined in the present paper would be 
applicable to the determination of the velocity which might be 
anticipated after any given period of time or over any given 
length of a steep sloping run, once the controlling conditions are 
known or assumed, and suitable values of the coefficient 8 avail- 
able. Such conditions may occur in connection not only with spill- 
way dams, but with many types of hydraulic construction, where 
waste water is disposed of by discharge down a specially formed 
channel under a relatively steep gradient. 

By way of illustration of the application of these equations, 
the following problems have been worked out on assumed 
conditions and values of the coefficient 8. 


EXAMPLES 


In Fig. 1 curve a gives the velocity history for the following 
conditions: v; = 0 (start from rest), a = 25(@ = 50 deg), and 8 = 
().0009 constant. This would correspond to, say, C = 125 and 
p =2.3ft. Thenp = 167 fpsand yu = 0.15. 

In 14 sec, with a travel of 1583 ft, v has reached a value 162 
fps or 97 per cent of 5. 

Curve b gives the velocity history for the same basic values 
except that here »v = 40 fps. In this case, after 14 see and with 
a travel of 1813 ft, v has reached a value of 164 fps or 98 per cent 
of >. 

Curve ¢ gives the velocity history for the following conditions: 
») = 0 (start from rest), a = 20.7 (0 = 40 deg), 8 = 0.0009 as 
before at the start, with increasing values taken arbitrarily as 
follows: For the first second, 0.0009; second, 0.0012; third, 
0.0015; fourth, 0.0019; fifth, 0.0024; sixth, 0.0029; and for the 
seventh second, 0.0030. 

In this case, after 7 sec, with a run of about 390 ft, v has 
reached a value of 81.4 fps against an ultimate for 8 = 0.003 of 
83.1 fps or 97.8 per cent of 9. 

Curve d gives the corresponding time history with no increase 
in 8, i.e., no increase above ordinary skin friction for water on 
concrete, for which the limit velocity, with 8 constant at 0.0009, 
would be 151 fps. 
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The line e gives the corresponding time history with no retarda- 
tion at all. 


Discussion 


G. H. KeuLecan* anp H. N. Eaton.‘ The purpose of the 
following discussion is to show the effect of including the velocity 
distribution in the equation of flow in steep channels. The 
author, although recognizing that this will affect the flow, leaves 
it out of account. However, it is a simple matter to include this 
effect, and it is far from being negligible in many instances. Be- 
cause of space limitations, only a bare indication of the results ob- 
tained for a wide rectangular channel can be given. The notation 
used agrees with that of the author, except where otherwise 
stated. 

First introduce the ratios 

v v? 
where v,’ is the velocity of the surface filaments, and a; = 1 + 
n, n being the “‘Boussinesq coefficient” defined by Equation [31]. 

Starting with Osborne Reynolds’ equation of motion for tur- 
bulent flow, we derive the following equation, in which the coef- 
ficients a), @2, and a; involve the velocity distribution 


Ov 
ot 


ov v oh 
+ (a + as) v + (a3 — a2) h = 


(= [24] 
g cos g sin on” 


in which h is the depth, and 2 is !/, the friction coefficient \ in 
the rational pipe-flow formula. 
We assume that the flow is steady and that the term containing 


ok 
Es is small; whereupon Equation [24] can be written 


d(v?) a 2g sin 6 dv? 


dz a+a; h(a, 


Here a’ and.’ are related to the author’s a and 8 as follows: 
a’ = a/(a, + a3), and = B/(a,; + a3)......... [26] 
Equation [25] can be integrated 


with v taken as vp at = 2. 


At - [28] 
8! B | 


and we see that the velocity distribution has no effect upon the 
limiting velocity v, but only upon the rate at which this velocity 
is reached. Equation [27] can be written 
Uo? 


8 a/B — B 
and the only effect of allowing for the velocity distribution is to 
add the factor a; + a; to the equation. 


3 Associate Physicist, National Bureau of Standards, Washington, 
D. C. 
¢ Senior Hydraulic Engineer, National Bureau of Standards, Wash- 
ington, D.C. Mem. A.S.M.E. 
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The values of a; and a; can be evaluated for any assumed 
velocity distribution. For example, if 


= Ay, where A = [30] 
where v’ is the filament velocity at distance y above the bed, then 


dy So’ vay 
ayy 


and from Equations [23], [30], and [31) 


= 1.125...[31) 


1 — ay? 
2 v? 
Then a; + a; = 1.687. 


= 0.562 
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Thus the effect of a nonuniform velocity distribution is to 
decrease the mean velocity at a station downstream from the 
entrance to a channel below what it would be if the velocity were 
uniform over the cross section. In other words, the computed 
water-surface profile will be lower for assumed uniform than for 
nonuniform distribution. Now it has been observed in tests on 
model channels with steep slopes that the water-surface profiles, 
computed for assumed uniform velocity distribution lie below 
the observed surface profile. Computations made for one such 
channel indicate that, including the effect of velocity distribu- 
tion as outlined, the foregoing accounts approximately for this 
discrepancy, although data are not available to test the accuracy 
of the assumptions made. 
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Problems Encountered in the Design and 
Operation of Impulse Turbines 


By RAY S. QUICK,'! SAN FRANCISCO, CALIF. 


Because of present-day demands on high-head hydro- 
electric installations, calling for continuous maximum 
overload operation of impulse turbines, unusual problems 
of wear and fatigue of materials have developed. The 
author discusses such problems frankly and suggests 
solutions for them. One of the important factors in- 
fluencing unit efficiency of impulse turbines is the arrange- 
ment and design of approach piping due to the effect on 
the jet of turbulence in the nozzle. Flow-straightening 
vanes have been developed to correct this turbulence. 
Various successful forms are illustrated and their char- 
acteristics plotted. The form of needle and nozzle tip 


particularly those for important high-head hydroelectric 

installations, have introduced many problems both in the 
selection of the most appropriate materials and in designs which 
will produce not only high efficiency but a satisfactory working 
life. In the early days of the industry loads were light and inter- 
mittent and it was often customary to shut a plant down over the 
week end. During the past decade transmission lines have been 
extended and interconnected. Loads have grown to such an ex- 
tent that it is customary to operate large impulse turbines con- 
tinuously at maximum overload for periods of many weeks or 
months without interruption. Needless to say, unusual problems 
of wear and fatigue of the materials have developed and, while it 
is most unusual for a manufacturer to report and discuss such 
difficulties, it will be the purpose of this paper to mention frankly 
characteristic problems and the methods followed in solving 
them. 

The impulse turbine or tangential water wheel was developed 
in the early mining days in California. Early forms were ineffi- 
cient until Lester A. Pelton about 1880 perfected the water-wheel 
bucket with the central dividing splitter. Seven years later the 
company was founded which now bears his name. Much has 
been written regarding the history of this type of water-turbine 
prime mover, while textbooks today outline and develop the 
theory of its operation. Consequently this work will not be re- 
viewed at present.? 

For many years the company with which the writer is associ- 
ated has carried on an extensive research program based upon 
laboratory studies and upon field observations and tests. It has 
been customary to consider the efficiency as the ratio between the 
mechanical output of the water-wheel shaft and the theoretical 
hydraulic-power input at the entrance to the nozzle body.* In 


1Chief Engineer, The Pelton Water Wheel Company. Mem. 
A.S.M.E. 

2“The Tangential Water Wheel,’”’ by W. A. Doble, Transactions of 
the American Institute of Mining Engineers, vol. 29, 1899, pp. 852- 
894, 

3‘*Test Code for Hydraulic Prime Movers,’’ THE AMERICAN 
Society or MEecHANICAL ENGINEERS, June, 1938. 

Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting, San Francisco, Calif., July 10-15, 1939, of Tar 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 


firm DEVELOPMENT and operation of impulse turbines, 


also has a marked influence upon the appearance and 
form of the power jet. Another factor affecting the per- 
formance of the unit is that of the design, shape, and 
arrangement of buckets on the water wheel. Investiga- 
tions have been made on all these elements of the impulse 
turbine, the results of which have been incorporated in 
present successful applications. Two outstanding im- 
pulse-turbine installations in California are mentioned. 
A comparison is drawn between field tests on one of these 
at the Tiger Creek Plant of the Pacific Gas and Electric 
Company and model tests. The paper concludes with a 
discussion of the governing problem. 


past years, in considering the requirements for high efficiency, 
no particular attention was given to the design or arrangement of 
the approach piping which delivers the power water from the 
penstock to the nozzle. Recent investigations have shown that 
the design of this approach piping has a pronounced influence 
upon the unit efficiency, due to the effect on the jet of turbulence 
or crossflow and eddies in the nozzle. As an example, refer to 
the upper jet shown in Fig. 1. This jet is produced by a needle 
nozzle of standard design having an inlet properly proportioned 


Fie. 1 
AND THAT Propucep By NEEDLE WITH 
90-Dree@ ELsow Bopy 


CoMPARISON OF JET PropuUcED By STANDARD NEEDLE 


to reduce turbulence to a minimum. A similar needle nozzle 
having a body formed with a 90-deg elbow is unable to produce 
a satisfactory power jet, the form being shown as the lower jet 
in Fig. 1. The spreading of the jet, due to eddies in the elbow, 
destroys its power value in a short distance. 

Extensive investigations have been carried on in the design of 
flow-straightening vanes to be inserted in the nozzle body in an 
effort to correct this turbulence and restore the power of the jet. 
Fig. 2 illustrates a selected group of such vanes. Some of these 
vanes are far more effective than others. In general, vanes placed 
appreciably upstream from the power needle are of little use, 
while vanes combined with or surrounding the needle are most 
effective. Of striking interest is the type of vane shown in Fig. 3. 
It consists of a series of radial plates attached to the needle 
and stem in such a way as to divide the flow of water into parallel 
strips which recombine when the jet is formed. The result of 
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the installation of vanes of this character is shown in Fig. 4. 
Comparison with Fig. 1 will show that this is the same needle- 
nozzle assembly but that the lower jet is now comparable to the 
upper in appearance and has recovered a substantial portion of its 
power value and eliminated most of its fringe or sprayed out 
covering. 

A similar form of turbulence with resultant spreading jet may 


Fig. 4 Comparison oF JET PRODUCED BY STANDARD NEEDLE NOZZLE 
AND THaT PRODUCED By SIMILAR NEEDLE WiTH 90-DeG ELBow 
Nozzte Bopy STRAIGHTENING VANES 


be introduced into a needle nozzle of standard design and arrange- 
ment by an unfavorable manifold or system of elbows, wye pipes, 
and fittings, which otherwise would be considered satisfactory 
hydraulic practice. In laboratory testing it has been found that 
an orifice plate, inserted in the pipe line between adjoining flanges 
a few diameters upstream from the nozzle entrance, may intro- 
duce serious turbulence. While the pressure and velocity heads 
are maintained unchanged in the nozzle body, a serious loss in 
efficiency results, due to a disturbed stream flow at the point 
where the jet is formed. Fig. 5 has been taken directly from 
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laboratory tests and shows in a very striking manner the influence 
of straightening vanes with and without turbulence. The per- 
formance curve, designated @ in Fig. 5, is the characteristic of a 
typical single-nozzle impulse turbine, using a standard needle 
nozzle, but with the flow in the approach piping disturbed by an 
orifice plate. For the purpose of the test, bucket loading is con- 
sidered as the ratio between the diameter of the jet at the vena 
contracta, as determined by the head and quantity, and the nomi- 
nal full-load-size rating of the bucket. When straightening vanes 
are installed in the needle nozzle, the efficiency characteristic is 
improved to curve @ in Fig. 5. Since the test setup is otherwise 
unchanged, it is apparent that the improvement has resulted 
from the addition of the vanes. There is also a visual improve- 
ment in the form of jet, the fringing of the outside surface being 
materially reduced. If the orifice plate is entirely removed and 
the straightening vanes are left in position, the characteristic is 
still further improved to curve @® in Fig. 5. As there is little or 
no detrimental turbulence in the supply pipe, it is evident that 
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the efficiency characteristic is approaching its best value. By 
removing the straightening vanes, thus bringing the assembly 
to the most favorable arrangement, the efficiency characteristic 
reaches its optimum value as shown by curve @ in Fig. 5. 

The foregoing characteristics as shown in Fig. 5 are typical and 
may be repeated qualitatively with other setups. The conclu- 
sions which are to be drawn from these tests may be summed up 
as follows: 


1 The best efficiency characteristic is secured when there is 
neither turbulence nor straightening vanes in the supply system 
or nozzle. 

2 If turbulence exists in the approach piping, it may be over- 
come or corrected materially by the installation of appropriate 
straightening vanes. 

3 There is a mutual responsibility between all parties con- 
cerned with the selection and design of the penstock, approach 
piping and manifold, and hydraulic prime mover to eliminate the 
detrimental results of such turbulence. 


Water passageways must be smooth, as straight as possible, 
and free of obstructions or sudden contractions and enlargements. 
A shutoff valve should have if possible a water passageway, form- 
ing a smooth continuation of the conduit walls. The turbulence 
in a well-designed nozzle is very small. 

The form of needle and nozzle tip has a marked influence upon 
the appearance and efficiency of the power jet. Extensive tests 
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QUICK—PROBLEMS ENCOUNTERED IN DESIGN AND OPERATION OF IMPULSE TURBINES 


have been made on many combinations, both in the laboratory 
and in the field. While tests made under high-head conditions 
produce results differing slightly from those under low heads, due 
primarily to the change in relative velocity between the water, 
wetted surfaces, and the air surrounding the jet, nevertheless, in 
general, the nozzle producing the best appearing and the most 
efficient jet, when tested under low-head conditions, will be found 
to be preferable under high heads.‘ It is interesting to note that 
even at a high head, such as 2000 ft, a small jet will stay together 
and show a very fine appearance. 

Fig. 6 illustrates a selected group of needles and nozzle tips 
which have been developed and tested in the laboratory with 
satisfactory results. The longer needles, having less contraction, 
require a greater stroke in order to discharge a given water quan- 
tity. Therefore, these are most adaptable to governor operation. 
The jet produced makes a very fine appearance and is relatively 
smooth and parallel on the surface. The steeper and shorter 
needles with greater contraction have a much shorter stroke for 
a given discharge and produce jets which are relatively rougher in 
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Fie. 6 NEEDLES AND Tips TESTED IN LABORATORY 


external appearance. However, since the water has a much shorter 
distance to travel at full jet velocity on the wetted surfaces of the 
steeper needle, the efficiency is higher. This is confirmed by Fig. 
7, which shows the efficiency characteristics of a given water- 
wheel unit, as tested in the laboratory, with needle nozzles having 
included angles of 45 deg and 90 deg. Other combinations 
of needles and tips have been tested with comparable results. 
The appropriate selection for a given case is determined largely 
by governing requirements, range in load, and general setting. 
Problems of cavitation and erosion of needles and nozzle tips 
have been solved satisfactorily. Cavitation may be avoided al- 
most entirely when the needle nozzle is operated throughout the 
normal range from say one quarter to full load. Operation for 
long periods near full shutoff is unfavorable, resulting in erosion 
and cavitation of the needle in the zone where the thin annular 
jet is being formed. Needles and nozzle tips made of carbon 
steel, stainless steel, nitralloy, bronze, and similar materials pro- 
vide a satisfactory working life under average conditions. Stain- 
less steel of the 18-8 type, used either as a forging or as a layer weld 
upon a mild-steel base is favored by many for severe conditions. 
As the water-wheel runner is the heart of the unit, the design, 
shape, and arrangement of the buckets upon the wheel center exert 
& pronounced influence upon the performance of the unit as a 
whole. While the theory of reversal of the jet in the bowl of a 
water-wheel bucket has been developed and is fully described in 
‘Tests Conducted at Big Creek No. 1 With Experimental Nozzle 


and Needle Parts at Penstock Pressures,’ by J. F. Davenport, Elec- 
trical West, vol. 68, no. 6, May 15, 1932, p. 378. 
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Fic. 8 HigH-Speep PHoroGrapH ILLUSTRATING BUCKET 
DISCHARGE 


Fie.9 Hieu-Sprep TAKEN From ABOVE WHEEL, 
SHowine Bucket DiscHarRGE 


standard textbooks on the subject, it has required the assistance 
of the stroboscope to arrest the relative motion and show clearly 
the action of the water with respect to the buckets. The author 
is indebted to H. E. Edgerton’ for the perfection of the strobo- 

5“*High-Speed Photographic Methods of Measurement,” by H. E. 


Edgerton, J. K. Germeshausen, and H. E. Grier, Journal of Applied 
Physics, vol. 8, no. 1, January, 1937, pp. 2-9. 
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scope and high-speed photography which has made possible the 
accompanying illustrations. A Pelton standard laboratory water 
motor was used by Mr. Edgerton, the glass cover plates on the 
housing being removed in order to provide a direct view for the 
camera. The water wheel was driven by a jet of water under 
relatively low head to avoid heavy mist and spray. The photo- 
graphs were taken by instantaneous exposures when the wheel 


Fic. 10 Group or DIFFERENT Types OF IMPULSE-WHEEL BUCKETS 


was running approximately at normal speed. Fig. 8 is a side 
view showing the power jet in action on several buckets simul- 
taneously. The bucket directly below and to the right of the 
shaft center line has interrupted the jet and the discharge has 
just started to leave the sides of the bucket bowl. The bucket 
to the right of this has just entered the jet and is not filled as yet. 
The bucket to the left is discharging its quota, while the bucket 
beyond is completing its working cycle. By taking photographs 
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from above the wheel while in operation, as shown in Fig. 9, a 
definite clearance is indicated between the slugs of water dis- 
charging from adjacent buckets. It is also evident that the dis- 
charged water does not strike the back of the bowl of the pre- 
ceding bucket, thus indicating an excellent operating condition. 

The form of water-wheel bucket has undergone an evolution 
not only to improve its efficiency but also to increase its dura- 
bility and strength, particularly for large high-capacity installa- 
tions where continuous overload is the rule rather than the ex- 
ception. Fig. 10 illustrates a representative group of such 
buckets, from the older square shape to the current ellipsoidal 
design with filled-in entrance. It has been difficult to secure a 
design of lip which will enter the jet with minimum shock and 
splash, while at the same time having adequate strength to re- 
sist the heavy loads and intermittent thrust. When loads are 
severe and the head is high, fatigue cracks may appear in the 
entering lip of the bucket, progressing rapidly until a portion of 
the bow! breaks off. Fig. 11 illustrates a bucket of older design 
which has failed in this manner. Due to the difficulty of making 
a complete analysis of the stresses existing in the bowl of a water- 
wheel bucket, subject to intermittent load and shock, it has been 
customary to design with a high factor of safety. Improvements 
have been made to stiffen the entrance and to distribute the load. 
With buckets of recent design, as illustrated in Fig. 10, the sharp- 
ened entering lip is retained in so far as possible, but the edge is 
rounded to minimize stress concentration and the section in- 
creases in thickness rapidly, thus providing a section of much 
greater strength than possessed by the previous thin and sharpened 
cut-out entrance. 

Fig. 12 shows the efficiency characteristic of the new form of 
bucket in comparison with that of a previous design. It is evi- 
dent that the modification of the entrance design has been ac- 
complished without detriment. Buckets of this type are in 
operation under high heads and in large capacities and show 
great promise of having overcome the fatigue-crack limitations of 
the previous designs. 


Fig. 11 Service Farture or a Bucket DvE TO FATIGUE 
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QUICK--PROBLEMS ENCOUNTERED IN DESIGN AND OPERATION OF IMPULSE TURBINES 19 
In order to get a perspective as to the magnitude of the forces ‘Mad 


and the number of cycles of repeated stress to which a water- 
wheel bucket is subjected, consider an operating head of 2000 ft, 
an output of 25,000 hp per wheel, and a speed of 400 rpm. 
Calculation will show that the number of revolutions per year of 
the runner is about 211,000,000. Thus, a working life of 10 years 
requires over 2,000,000,000 working cycles for each bucket. 
Studies of fatigue would indicate that the material must be 
stressed appreciably below its fatigue limit if this working life is 
to be secured without failure of the material. The approximate 
force on the bucket each time it passes through the jet is 50,000 
lb. It is apparent that the attachment of the buckets to the 
wheel center must be very secure and moderately stressed to 
avoid failure due to fatigue or to the bucket bolts working loose. 
The problem of bucket attachment has been solved successfully 
and reports of failure of bolts and lugs are very rare. The im- 
portant problem in recent years has been cracking at the entering 
lip of the bucket. 

The material used for high-head buckets is cast steel, the 
medium grades of carbon steel being preferred. Heat-treated 
alloy steel has been used to a limited extent but the practical 
problem in connection with this material is the difficulty in re- 
heat-treatment following field repairs by welding. In cases where 
the power water carries abrasive material in suspension, erosion 
may become an objectionable factor. An increase in bucket life 
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Fig. 13 CHARACTERISTICS OF ONE OF IMpULSE-WHEEL BUCKET 


Fie. 14 Two 40,000-He DovuBLeE-OvERHUNG IMPULSE TURBINES IN 
Tiger CREEK PLANT OF THE Paciric Gas AND ELECTRIC 
CoMPANY 


Fie. 15 One or Two 68,000-He Dovusie-OverHUNG IMPULSE 
TURBINES IN Big CreEK 2A PLANT OF THE SOUTHERN CALIFORNIA 
Ep1son COMPANY 


has been secured by the layer welding of 18-8 chrome-nickel stain- 
less steel or other hard facings in the bucket bowls which are 
afterward ground smooth to true shape. 

In the past it has been standard practice to construct water- 
wheel buckets as integral castings using iron for low heads and 
steel for high heads. Bronze has been favored for small buckets 
and in some cases stainless steel has been used. The complicated 
shape of the water-wheel bucket has made it difficult to produce 
castings of homogeneous physical properties. As a result, exten- 
sive study and development work have been done on the design 
of buckets made either as integral steel forgings or fabricated with 
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forged-steel bowls welded to cast-steel or plate-steel lugs. To 
date, however, the first cost of the integral steel casting has been 
the lowest and as a result, because of economic considerations, 
the cast-steel bucket is still standard practice. The increased 
cost of the forgings has been due to the special dies involved. 
Since the number of buckets of any specific design is very limited, 
because of their special nature, it has not been possible to stand- 
ardize on dies. In the case of the fabricated buckets, formed by 
welding two or more pieces together, the increased costs of labor 
and heat-treatment have been the deciding factors. 

In selecting the most appropriate speed for an impulse turbine 
for a given head and quantity, the ratio of the bucket size to the 
pitch diameter of the wheel is a deciding factor. Fig. 13 shows 
the characteristics of a bucket developed in recent years. These 
characteristics were established by an extensive series of labora- 
tory tests, using a water-wheel runner so arranged that the num- 
ber and position of the buckets could be altered through a wide 
range, while at the same time the jet could be changed in radial 
position and size. As a result, the characteristics shown illustrate 
the most favorable combination. It is evident that the highest 
efficiency can be secured only at the most favorable ratio. 

Among the recent outstanding impulse-turbine installations 
in California may be mentioned the Tiger Creek Plant of the Pa- 
cific Gas and Electric Company, shown in Fig. 14, and the Big 
Creek 2A Plant of the Southern California Edison Company 
shown in Fig. 15. The units in both plants are of the horizontal, 
double-overhung, single-straight-flow-nozzle type, using follower- 
ring gate valves and penstocks carefully laid out tosecure favorable 
approach conditions. Each Tiger Creek unit develops a maxi- 
mum of 40,000 hp at 225 rpm under 1190 ft effective head, while 
each Big Creek 2A unit develops 68,000 hp at 250 rpm under 
2350 ft effective head. The latter units are the largest-capacity 
impulse turbines installed in North America, and are exceeded 
throughout the world only by those in the Serra Plant in Brazil.é 

Fig. 16 shows a comparison between the model and field tests 
of the Tiger Creek unit, using single-wheel tests. These char- 
acteristics are typical, although the stepup in efficiency between 
the model and the field units varies to a considerable extent with 
different designs. The model, which is usually tested under a 
moderate head in the laboratory, shows its best efficiency at a 
higher bucket loading than does the high-head field unit. The 
reason for this change in characteristics as yet has not been ex- 
plained satisfactorily. Further information on this variation in 
characteristics, based on additional laboratory and field data, is 
being studied at the present time. 

The systems of governing applied to impulse turbines may be 
divided into two general classifications, the first being those which 
are water-saving and the second being those discharging a con- 
stant water quantity regardless of load. The water-saving system 
is of course the most widely used and is best adapted to plants 
having forebay storage. However, many plants are located on 
streams where downstream water rights require an uninterrupted 
flow for irrigation or other use and in such cases the manually 
operated needle nozzle and the governor-operated jet deflector 
are preferable. 

With water-saving controls, where the governor is connected 
directly to the power needle, it is necessary to accelerate and re- 
tard the water column in the pipe line slowly, in order to avoid 
objectionable pressure surge, which otherwise would interfere 
with the safety of the pipe line or with governing. Where this 
slow operation interferes with satisfactory speed and voltage regu- 
lation, it is customary to use a water-saving by-pass control such 


¢**Water Power in Brazil, With Special Reference to the Sfo 
Paulo Development,”’ by A. W. K. Bilkngs, Journal of the Institu- 
tion of Civil Engineers, vol. 3, 1935-1936 (Supplement, Oct., 1936), 
pp. 677-698. 
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as the auxiliary relief needle nozzle or a rapidly operated deflector 
and a slow-moving power needle. When the unit is connected 
to a large system and the natural stream flow must be maintained, 
and forebay storage is limited, a very satisfactory method of 
operation is to use a forebay float-control system, arranged to 
regulate the opening of the needle nozzle in such a manner as to 
maintain the forebay elevation within close limits. Governing 
plants, however, should have adequate forebay storage in order 
to average up the water supply and the required discharge through 
the unit. 

In conclusion, it should be stated that while the impulse turbine 
has been developed to a high degree of perfection and reliability, 
nevertheless, further progress is being made, both in increased 
efficiency and in obtaining a longer useful working life. 


Discussion 


GeorceE H. Braaa.’ Probably no company has had more ex- 
perience than the author’s or has been more progressive in the 
development of hydraulic equipment for high-head hydroelectric 
systems, and so the writer ventures the statement that all the 
principal steps, by which the needle nozzle and the water-wheel 
bucket have advanced to reach their present state of efficiency 
and reliability, have been most ably presented in this paper. 

On large interconnected hydroelectric systems, it is essential 
that some of the plants be designed to regulate the speed. It is 
not necessary for all of them to be capable of maintaining constant 
frequency. The needle nozzle, therefore, is indispensable in 
those plants which are designed to regulate the speed. 

In certain plants of comparatively small horsepower rating and 
low head, needle nozzles are not absolutely necessary and we find 
in some of them the so-called open nozzle, which may be credited 
with a higher efficiency than the needle nozzle and a slightly lower 
cost. 

The open nozzle would find a greater field of usefulness if 
equipped with some simple device designed to increase gradually 
its discharge from 0 to full jet, without creating disturbances and 
water hammer in the penstock. 

lt was suggested at one time that a combination nozzle might 
be devised which could be opened slowly and at the proper rate 
and, when completely open, the needle entirely withdrawn from 
influence to the water discharging at spouting velocity, thus 
forming a solid jet of maximum efficiency. Needless to say, there 
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are difficulties to overcome in designing such a nozzle, or probably 
there would be examples in operation today. 

The effect of only a slight bend in the approach piping and 
also the effect of the needle in the center of the discharging jet 
may be observed in the graph of pressure-gage readings taken by 
a pitot tube in traversing a jet from the needle nozzle. Fig. 17 
illustrates an actual nozzle body having a slight curvature for 
the needle-stem requirement and also the variation in the velocity 
head across the diameter of the jet, discharged by the nozzle. 
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Notice that the graph is not symmetrical about the center line 
of the jet and also that the needle causes a depression in the center 
of the jet, indicating that the power supplied by the jet is not uni- 
formly symmetrical. 

Thus far there has been no opportunity to traverse a jet from 
a straight-flow nozzle which is the latest development, but it is 
reasonable to suppose that the graph will be symmetrical about 
the center line of the jet but will have the characteristic depres- 
sion in the center. The traverse of a solid jet, if uninfluenced by 
bends in the approach piping, is symmetrical and without the de- 
pression. Incidentally, the deformation of the jet has a marked 
influence on the rate of cavitation of the buckets regardless of the 
type. 

The principal enemies of needle nozzles and water-wheel buck- 
ets are cavitation and erosion. Thus far no metal has been found 
which will resist these forces indefinitely. The hardest and high- 
est-strength metals are the most resistant. 

Although the water-wheel bucket, in plan, has been changed 
from a rectangular shape to the ellipsoidal shape as shown in 
Fig. 10 of the paper, cavitation has been found to be more 
rapid on some of the later designs than it is on some having the 
rectangular shape. There is a case, in which buckets of the 
rectangular type have been in continuous service for more than 
40 years and yet there is little or no cavitation on the surfaces. 
They are made of ordinary cast steel. Perhaps the author may 
offer an explanation of this phenomenon. 


W. A. Dosie.* The development and operation of high-head 
hydroelectric generating units has changed merely in degree but 
not in kind during the last 30 to 40 years. Higher heads have 
been utilized, but heads of over 1000 ft were developed and placed 
in commercial use prior to 1897. The power output of the generat- 
ing units has been increased by installing larger units, but this is 
also a change merely in degree. Details of design have been re- 
fined, based upon the operation of and the experience gained in 
regular commercial service with large-size units, under heads of 
1000 ft or more. 

Improved methods of governing or speed control of the units 


® Doble & Doble, Patent Attorneys and Consulting Engineers. San 
Francisco, Calif. Mem. A.8.M.E. 


under variable load conditions have been perfected, but there 
again this work dates back to the years 1900-1913, to the intro- 
duction in commercial service of the needle regulating nozzle with 
manual or direct governor control of the needle, the use of the 
jet deflector, and/or the combination of the needle nozzle with 
the jet deflector, the needle being manually controlled, the jet 
deflector being controlled by the governor. 

The author states: ‘In the early days of the industry loads 
were light and intermittent and it was often customary to shut 
a plant down over the week end.” 

The operating schedule of any hydroelectric public-service plant 
was the same in the early days as it is at present, depending upon 
two factors, i.e., the quantity of pressure water available at the 
plant to drive the water wheels and the load on the system or the 
power demanded from the generator units. It is the same today. 
So-called overloads are purely relative and bore the same relation- 
ship to the units in 1900 as in 1939. If proper factors were used 
in the design of the units, continuous service would result without 
fatigue or failure of elements. So-called overload is really mean- 
ingless, as all portions of the wheel unit were or should have been 
designed to carry successfully and continuously the maximum 
forces that could be applied. The useful life of the plant or 
measure of the hours of service was limited by the erosion of the 
active surfaces of the buckets, nozzle tip, needles, etc., depending 
upon the quantity and character of sand and grit carried by the 
water. 

In those early days, reliable and continuous service was de- 
manded by the consumer and, as requisite as it is today, the en- 
tire system must be kept continuously hot. Current had to be 
supplied over the week ends, as light and power were as necessary 
over Saturday, Sunday nights, and holidays as at any other time. 
The engineer, responsible for the design and successful operation 
of the system, developed the designs on the basis of apparatus 
incorporating the necessary factors of safety to insure equipment 
having the structural stability to develop the full power for which 
the units were designed and capable of giving continuous service. 
He could not rely on the units being subjected to intermittent 
service, with the idea that they could “rest up and recover” over 
the week ends. 

The author’s statement gives an incorrect impression because 
in the earlier days power stations that were built were generally 
not connected with others to form an interconnected system, 
but in fact served certain local areas with power. The subject 
of constancy of load and load factors was well known and it was 
necessary to maintain continuous service on practically every 
plant as then built; there could not be any shutdown on Saturday 
or Sunday. 

A large portion of the load of these early plants included sup- 
plying current to drive irrigating pumps. During the irrigation 
season, such pumps must necessarily operate continuously, ir- 
respective of Saturdays or Sundays. 

Consider for instance the Mount Whitney power plant com- 
pleted in June, 1899; this plant was primarily constructed and 
financed on the basis of furnishing electric current to the agri- 
culturists for driving irrigating pumps. This plant was isolated 
and independent of any other plants, therefore, it was necessary 
to provide continuous service to the agriculturists. 

As a matter of fact, the contrary situation prevails today 
where there are a large number of generating plants delivering 
energy into interconnected systems. In modern practice, it is 
possible to shift the load from one plant to another and in case 
of necessity any one of the hydroelectric units or the entire plant 
may be taken out of service, the load being carried by other plants 
of the system. 

In those early days, the generator units in the large power 
houses in regular commercial service frequently carried maximum’ 
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full loads over long periods of time without fatigue or excessive 
stresses. It was absolutely necessary that these characteristics 
be incorporated in the design. The history of the earlier hydro- 
electric power plants with their records of many years of con- 
tinuous service substantiates this statement. 

The author also states: “In past years, in considering the 
requirements for high efficiency, no particular attention was 
given to the design or arrangement of the approach piping for 
delivering the power water from the penstock to the nozzle.” 

This is a serious and unjust charge against the many very able 
engineers who were responsible for the development, design, con- 
struction, and operation of these earlier hydroelectric power plants, 
and who also blazed the trail and developed the designs which are 
the basis on which the recent units referred to by the author are 
founded. 

In the design and construction of such early power plants, the 
design of the pressure pipe line or penstock, including the arrange- 
ment of the approach piping or members through which the 
power water was delivered from the penstock to the nozzles, was 
most carefully worked out. It was fully appreciated that changes 
in the direction of flow should be avoided as much as possible and, 
where necessary, should be by means of curved or angle fittings 
providing for the least possible change in direction of flow of 
the power water, all abrupt changes in direction of flow being 
avoided. This was a fundamental requisite as the success of the 
project depended upon the development of the highest possible 
efficiency from the available water which as a rule was of relatively 
small volume but delivered to the wheels under a high head or 
pressure. A study of the layout of these earlier plants will demon- 
strate that these factors were most carefully considered and 
were provided for in the design and the layout of the plant, 
penstock, pressure pipe fittings, including careful considera- 
tion of the design of the pressure piping in order to insure a 
uniform and smooth acceleration of velocity of the power water 
and so designed as to avoid eddy currents, swirling, and loss of 
head or pressure. 


Bive Lakes WaTER CoMPANY 


In the power development? of the Blue Lakes Water Company, 
which was placed in commercial service August 25, 1897, under 
a static head of 1042 ft, the pressure pipe line or penstock was in 
plan laid on a straight line from the forebay to the steel Y 
branches or connecting pipe fittings at the powerhouse. The 
approach-pipe connections that delivered the power water from 
the penstock to the nozzles were steel castings designed to ac- 
celerate the power water and deliver it to the wheels with the 
least possible disturbance and eddy currents. 


Mowunt WuHitnEY Power CoMPANY 


The power plant!® of the Mount Whitney Power Company, 
completed in June, 1899, operates under 1300 ft static head. In 
this plant the penstock and special pipe-connecting members, 
through which the power water was delivered from the penstock 
to the nozzles, were most carefully designed to avoid abrupt 
changes in direction of flow and to provide smooth acceleration 
of the power water, avoiding eddy actions, disturbances, and 
friction losses. 

The gate valves in this plant, which are of the rotatable-plug 
type, were incorporated in the design and construction of the 
nozzle body. The cylindrical plug is parallel, the water passage- 
way through the plug was bored on a taper and registered ac- 


9 *‘Sierran Transmission,’’ by George P. Low, Journal of Electricity, 
vol. 5, October, 1897, pp. 1-17. 

10“‘The Mt. Whitney Power Transmission,”’ by R. McF. Doble, 
Journal of Electricity, vol. 19, January, 1900, pp. 1-16. 
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curately with the passageway through the nozzle body, providing 
continuous smooth water passageway. The valves were con- 
structed so that the rotatable plug was lubricated and packed 
with a pressure grease seal. 

In this plant radial antiswirling and turbulence vanes were in- 
stalled in the nozzle and tips to straighten the flow of the water 
and improve the character of the jet. It developed, however, that 
regardless of how keen the entrance edges of the radial antiswirling 
and turbulence vanes were sharpened and, although the head of 
water at the nozzles exceeded 1000 ft, at times, when the power 
water carried fine grasses and pine needles, such grasses and 
needles would accumulate and build up on the radial vanes and 
thereby plug the nozzles. A further disadvantage was that the 
radial swirling vanes, being positioned in the flowing water at the 
point of its highest velocity, substantially increased the wetted- 
surface area, thereby increasing the friction loss, which more than 
offset any possible gain due to the improved character of the jet. 

The nozzles, plug valves, and radial swirling vanes in this plant 
were of patented construction.!! 

In this plant, although the character of the jet was improved 
by the addition of these antiswirling vanes in the tip, and dis- 
charged a jet of excellent characteristics, it did not equal the 
character of the jet from a needle nozzle which projects a parallel 
jet of water with substantially constant cross-sectional velocity 
free from eddy action and swirling. The needle nozzle, also pre- 
senting the minimum area of wetted surface to the jet, gives a jet 
of higher power value than when the tip is provided with anti- 
swirling vanes which increase the area of the wetted surface and 
the friction losses. 

In the construction of the Mount Whitney plant, a pipe fitting 
was installed at the lower end of the pressure pipe line. An 
exact duplicate of the gate valve, nozzle, and tip was installed 
at this point, the purpose being to provide an opportunity for 
testing the character of jet discharged from the tips under this 
high head. 


Tue De SaBia Power PLANT OF THE Paciric Gas & ELEcTRIC 
ComPANY 


The De Sabla Plant of the Pacific Gas & Electric Company was 
constructed by the Valley Counties Power Company. The origi- 
nal installation,'? including units Nos. 1 and 2 of 2000 kw each 
at 240 rpm, operating under a static head of 1531 ft, was placed 
in service October 22, 1903. The gate valves in these two units 
are of the parallel transverse sliding plug or piston type. 

The water passageway through the valve plug was bored to 
register accurately with the bore through the valve body, forming 
a uniform smooth water passageway through the over-all length 
of the valve. The branch Y fitting connecting the end of the 
penstock with the valves was very carefully designed to avoid 
eddy action and swirling losses and to insure smooth acceleration 
of flow of the power water. 

For many months after units Nos. 1 and 2 went into commercial 
service, each unit carried a continuous load of approximately 
2200 kw. The original buckets on units Nos. 1 and 2 are still in 
service, however, these units have not run more than about one 
quarter of the time during recent years. 

In 1904, unit No. 3 was installed including a 4000-kw generator 
at 400 rpm. This generator was very liberally rated. It has been 
in service almost continuously since it was installed carrying a 
load of 5000 kw, during which time worn wheel buckets have been 
replaced. 


11 U.S. Letters Patent, No. 659,794; October 16, 1900. 

12 ‘High Potential Long-Distance Transmission and Control,’ by 
F. G. Baum (with an introduction by the editor on the De Sabla 
power plant), Journal of Electricity, vol. 14, no. 11, November, 1904, 
pp. 439-452. 
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Tue San FRANCISQuITO PLAN’ No. 1 


The San Francisquito plant No. 1 of the Bureau of Power & 
Light of Los Angeles was designed to develop the highest possible 
efficiency from the water available at the plant. The design of 
the elements carrying the power water to the wheels was most 
carefully considered to avoid friction losses and losses due to eddy 
currents and swirling in the power water. The main cutoff gate, 
bolted to the inlet flange of each nozzle, was of the needle type and 
was designed to avoid unfavorable acceleration, eddy currents, and 
friction losses in the power water. These needle gates were of 
patented construction.'’ The plant was installed about 1912 or 
1913. 

In view of these and many other early hydroelectric plants, it 
is established that the engineers in past years, considering the re- 
quirements for high efficiency, gave very careful study to the de- 
sign and arrangement of the approach piping which delivered the 
power water from the penstock to the nozzles, so as to secure the 
highest possible unit efficiency, by avoiding the losses due to 
the effect on the jet of turbulence or crossflow and eddies in the 
nozzles, gate valve, and connecting piping, leading from the 
penstock to the water-wheel unit. 


C. V. Foutps.'* The author has given an interesting picture 
of the benefits to users of the routine research that has come to be 
practiced generally by forward-looking industries for the improve- 
ment of their products, and without which they would inevitably 
drop behind in the procession of progress. 

The user necessarily has a double interest in such work, first 
as the recipient of its benefits, and second, as the one who must 
pay the bill. He must resign himself to the fact that, though the 
individual parts of a perfected machine may cost no more to 
produce than those of earlier models, a higher price must be paid 
for them to cover the indirect costs of their development. The 
costs of precision research are very high even for apparently 
simple factors; where there is sufficient quantity of production 
there may occur parallel improvements in manufacturing to re- 
turn the research costs without price advances. However, for 
power-plant and similar special machinery, the manufacturing 
costs change but little and research can only be repaid by price 
increases, a single lot at times bearing a good part of the costs 
for its development. That the result usually justifies the charge 
is evidenced by the practice of many enlightened large users to 
encourage research by bonus, outright grant, or purchase of a 
model for test purposes, all with a view to removing development 
from the competitive business of machinery production, that 
would otherwise penalize the manufacturer who had done most 
to improve his product. 

At first glance, it might seem that such intensive and detailed 
research would relieve the user of the necessity for initiative and 
careful selection in the purchase of his equipment. That it does 
not is because research is largely functional in character, while 
the user’s interest is in both the functional performance and the 
mechanical details, as related to the period for which maximum 
performance will continue, the simplicity of its restoration, and 
freedom from petty annoyances. There are also to be considered 
such individual elements as transportation and evaluation of 
the penalties of shutdowns, compared to the costs of reducing 
them. 

Thus, while research has assured the user of apparatus that 
will perform as specified and relieved him of attempting detailed 
specifications for the major dimensions and materials to be used, 
the element of competition requires that he be very specifi¢ in 


By: U.S. Letters Patent, No. 1,290,722; January 7, 1919; applica- 
tion filed December 27, 1913. 
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regard to general arrangements, replaceable wearing parts, cor- 
rosion- and wear-resistant materials, conveniences for assembly 
and dismantling, ete., in order that bids may be submitted on a 
uniform basis, as it is in those elements that the greatest varia- 
tions may occur in functionally equal machines. Thus the 
practical specification may properly become little more than a 
description of the conditions to be met and the degree of refine- 
ment desired in a machine whose performance has been assured 
more effectively by research than anything the user might 
specify. 

Research is a true partnership between supplier and user, of 
equal benefit to both, and to which every encouragement should 
be given. 


J.D. Gattoway.'® From the context of this paper, it is evident 
that a close study is being made to increase the efficiency of the 
impulse turbine. 

The use of straightening vanes to decrease the turbulence in 
the water as it emerges to form the jet is a new device, the value 
of which may be open to question. A correction in the form of 
the jet is obtained by the straightening vanes in some of the 
cases cited, but it would seem that the vanes would offer some 
resistance to the flow of the water and thereby act to reduce the 
efficiency of the unit. It would also seem likely that considerable 
wear would occur in such vanes, impairing their ability to form a 
perfect jet. However, as a means of correcting some old-time 
installations, where the water passages are incorrectly designed, 
the straightening vanes might prove to be a good device, even if 
occasional renewals were necessary. Experience over a term of 
years with the device would furnish the best evidence for or 
against its value. Curve four, Fig. 5, indicates that with properly 
designed water passages the vanes are unnecessary. 

Some stress is laid by the author upon the improvement of the 
jet illustrated in Figs. 1 and 4. It might be questioned as to how 
much additional improvement in this direction is necessary, 
mainly for the reason that the needle is placed as close as possible 


- to the wheel buckets and the jet is not of great length before 


it strikes the lip of the incoming bucket. That distance is at least 
only a fraction of the length of jet shown in the illustrations. 

It would seem to the writer that the greatest advance has been 
made in the form of buckets, the results of which are indicated 
in Fig. 12. The recent type there shown has an efficiency of 
more than 1 per cent above that of the older type, which is a 
material gain. The efficiency curve is also much flatter at the 
upper portion, demonstrating that the higher efficiency holds 
over a wider range. 

The author’s remarks regarding the value of collaboration be- 
tween the engineers of the power plant and the turbine designer, 
in order to produce the best design of the water passages, is well 
taken. To illustrate this point, some examples may be cited. 
One old-time power plant has several pipe lines leading into a 
manifold placed at right angles to the pipe lines. From the mani- 
fold several units are served, and none of the water passages to 
the nozzles takes off from the manifold opposite the pipe lines. 
As the units are of different capacity, one may wonder what is 
happening to the water in that manifold. However, it was recog- 
nized some time ago that a direct flow of the water from penstock 
to nozzle is necessary, and with increasing size of the power units, 
one penstock to each unit would be the proper design. A Y is 
required and also a gate valve back of each nozzle. The physical 
situation has an important bearing on the design of the water 
passages. Some plants, as at Tiger Creek, are so located that 
there is ample space in which to lay the penstocks in a desirable 
manner. On the other hand, at Bucks Plant, the situation was 
such that the power station was located close to a granite cliff, 


18 Consulting Engineer, San Francisco, Calif. 


{ 
j 
~ 
ia 
n 
r 
i 
is 
i- 
| 
to : : 
| 
| 
| 
i 
x 
ta 


24 TRANSACTIONS OF THE A.S.M.E. 


where the horizontal dimensions were very limited. However, in 
all cases, collaboration between the plant engineer and the turbine 
designer is advisable in order to produce the best results. 

High efficiency of turbine units is of value. even in a plant serv- 
ing a single system. In such a plant, with several units, load 
changes resulting in part loads would be carried by one unit, 
the others being operated at or near full load. In a system of 
several plants, in different locations, governing is done at one 
plant, the others operating at full load, at least on the units in 
service. 

The improvement that has taken place in the design and con- 
struction of impulse turbines has been well indicated by the 
author, who has summarized in a clear manner the recent progress 
and the manner in which it has been achieved. 


J. P. Jottyman.'* Our experience with impulse turbines, hav- 
ing a wide range of heads and horsepowers, tends to confirm the 
author’s conclusions. 

The first wheels constructed for heads above 1000 ft were from 
1500 to 3000 hp with wheel-to-jet diam ratios 45 to 33. Forces 
on the buckets were small and little trouble was experienced with 
bucket attachments or with bucket cracking. The need for 
larger units and the availability of higher-speed generators soon 
led to 7000-hp units with wheel-to-jet ratios as low as 10. Trouble 
with bucket attachments soon developed on account of the 
greatly increased stresses on the bucket bolts. Wheel-jet ratios 
have since been increased to 12 or more and the design of bucket 
attachments has progressed to the point where no trouble is had 
or expected with attachments. The hydraulic design of buckets 
is a problem in the relative motion of the buckets and the water. 
The problem cannot be solved by theoretical consideration alone, 
since it is impossible to predict the exact path of each particle of 
water after it enters the bucket. The experimental research de- 
scribed by the author has been of great value in assisting the 
hydraulic design. 

The need for and the economy of large units has increased the 
size and loading of buckets to the point where fatigue cracking 
of buckets has been encountered. The hydraulic and mechanical 
requirements conflict at the entering lip. Hydraulically thin 
sections with sharp edges are desirable, whereas the necessary 
mechanical strength requires thicker sections and rounded edges. 
We are hopeful that the latest designs will largely overcome this 
difficulty. 

The path of water in curved channels at high velocities is 
different from its path at low velocities, and this is recognized 
in Francis-turbine design. This difference may account for the 
change in characteristics fram the model impulse turbine at low 
heads to the field unit at high heads. 

The excellent efficiencies obtained at Tiger Creek confirm the 
advantages of the features of design mentioned in the paper. All 
of these features are included at Tiger Creek except the 90-deg 
needle nozzle which had not been developed at that time. 


S. Logan Kerr.” Two important factors affecting the per- 
formance of impulse turbines are brought forth by the author: 
First, the effect of turbulence in water passages leading to the 
nozzle and, second, the correlation between laboratory and field 
tests. While these two factors seem dimly related, they are, in 
the writer’s opinion, one and the same. 

Some 8 or 9 years ago, when the writer was closely associated 
with the inception of the research program which the author de- 
scribes, the writer felt that the approach conditions in the con- 


16 Hydroelectric and Transmission Engineer, Pacific Gas and Elec- 
tric Company, San Francisco, Calif. 

17 United Engineers & Constructors Inc., Philadelphia, Pa. 
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duits leading to the needle nozzle were left too much to the sym- 
metrical eye of the draftsman and were given too little attention 


by the engineer. The transition from a single penstock to a di- - 


vided conduit, thence to further divisions, all at high velocity, 
leading to the individual jets of a double-overhung wheel, could 
result only in turbulence in the free-discharging jets, causing them 
to reach the buckets in a manner far removed from the neat circle 
shown in the textbooks. One only needs to examine Fig. | of 
the paper to be convinced that the transfer of energy from the 
lower jet to the wheel buckets can hardly be efficient. 

Coupled with this matter of turbulence is the exaggerated effect 
of small distortions in the needle-nozzle body when the flow is 
at high velocity. Each bump, crack, or minor roughness tends to 
distort the flow from the ideal pattern. 

With reaction and propeller turbines, the relation between the 
model-test results and the field performance has been established 
so well that the Moody formula may be applied with reasonable 
accuracy for predicting performance of the full-sized units with 
assurance, so long as the conditions are held homologous with 
respect to flow and cavitation conditions. The agreement be- 
tween true laboratory results, stepped up to full-scale units, and 
field performance is amazing and usually falls within the ac- 
curacy of test methods employed. 

Unfortunately this same agreement is not true of impulse tur- 
bines and, as the author states: ‘“The reason for this change in 
characteristics as yet has not been fully explained.’’ Could not 
this be the basis for additional research? In the writer’s opinion, 
more attention should be paid to the effect of absolute velocities 
on performance as compared with test velocities proportional to 
the square root of the head or determined from the geometric 
stepdown of the dimensions of the full-scale unit. 

Consideration of the effect of high-velocity flow in the water 
passages immediately in advance of the orifice should be con- 
sidered. These are the flow conditions that affect the jet directly, 
and approach conditions to an orifice should receive as much 
consideration as the approach conditions to a weir. Small disturb- 
ances at low velocity can change the flow pattern over a weir 
and cause marked changes in its accuracy. Is not the problem 
made much more acute when dealing with the discharge from 
needle nozzles with a usual velocity ten times or more that of the 
approach velocity to a weir? 

Early in the research program described, the writer was able 
to correlate the field characteristics with laboratory tests by the 
introduction of artificial turbulence in the approach conduit; 
the point of uncertainty being only the required degree of turbu- 
lence. 

Tests on a model unit under a range of heads from laboratory 
conditions up to field conditions should indicate the change in per- 
formance due to changes in absolute velocities. Such tests might 
pave the way for further ifnprovement on large-scale units and 
supply a reliable basis for comparing laboratory and field test 
results. 


E. F. Maryatr.'8§ The author’s comments regarding forces 
applied to the modern water-wheel bucket, in which he uses as an 
illustration the 25,000-hp wheel, each bucket of which is, in 10 
years’ time, subjected to 2,000,000,000 working cycles with an 
impulse of 50,000 lb applied to each cycle, very effectively bring 
to our attention, the magnitude of the problem. The question 
might logically arise: Why use such large-sized units? Why not 
buy more smaller units of the same total output and, by so doing, 
eliminate some of the tremendous fatigue problems. The answer 
is, of course perfectly obvious. The increasing size of our systems 
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1900 — 1939 


1939 PHOENIX 


WATER WHEEL— SINGLE RUNNER OVERHUNG ON 
GENERATOR SHAFT. 
2300 HP, 514 Fpm., 18 BUCKETS. 
STATIC HEAD 1155 FEET. 
WHEEL DIAMETER _ 53.0" 


JET DIAMETER 


GENERATOR — REVOLVING FIELD. 
2400 VOLT, 3 PHASE. 
EXCIFATION 125 VOLTS. 


OVERALL EFFICIENCY APPROX. 81% 


ELECTRA 
WATER WHEEL— DOUBLE RUNNER COUPLED TO 
GENERATOR. 
3000 H.R 240 r.pm 
30 BUCKETS PER RUNNER 
STATIC HEAD 1466 FEET. 
WHEEL DIAMETER _ 137.5*_ 
JET DIAMETER 3.0° 
GENERATOR — INDUCTOR TYPE. 
2200 VOLT, 3 PHASE. 
EXCITATION 60 VOLTS. 
OVERALL EFFICIENCY APPROX. 75% 


458 


asorcer 


SCALE IFT 


Fig. 18 PxHoentrx 2000-Kva Power Unit as Comparep WitH OLp ELectra Unit or Same Output Ratine 


with the accompanying increased length and voltage of our trans- 
mission lines requires these larger units. 

If we build a powerhouse at the remote end of a 200-mile 
220,000-v transmigsion line such as, for instance, the Pit lines of 
the P.G.& E. Co., each unit in the plant must be capable of sup- 
plying sufficient power to charge the line. In the case of the 
Pit lines, this amounts to approximately 50,000 kva. The Tiger 
Creek lines require approximately half of that amount, or 25,000 
kva. Therefore, a double-overhung unit with two wheels, each of 
which is of the size of the one used in the author’s illustration, 
would hardly be of sufficient capacity to charge the line if located 
at a site similar to Pit No. 1, for instance. Two units operating 
with generators in parallel are, of course, unstable for use in 
charging a 220,000-volt unloaded line. 

The question might also be asked: Why not put a whole row 
of wheels on one shaft? The author may be forced to resort to 
some such scheme someday if the size of the required units con- 
tinues to increase. In the very early stage of water-wheel de- 
velopment, this scheme was resorted to, but for one reason or 
another has grown out of general use. The most striking illustra- 
tion of multiple wheels on a single shaft, which has come to the 
writer’s attention, was at Snoqualmie Falls, Wash., where he was 
in 1910 on the construction of plant No. 2. Plant No. 1 had been 
built and placed in service in 1899. In plant No. 1 four units were 
installed, each consisting of a 1500-kw, 300-rpm generator driven 
by a so-called Doble water motor. The water motor consisted of 
six impulse wheels, side by side on a single shaft, each equipped 
with two nozzles and they were grouped with three wheels in one 
housing. In this unit there was a total of 12 jets, six wheels all 
on one side of the generator, and the rating was only 2500 hp. 
Those units violated many of the fundamentals of hydraulic design 
which the author has pointed out, and more. The head, being 
under 300 ft, was far more suitable for a Francis turbine. This 
was soon discovered, and 11 years after the original installation 
the impulse wheels had already been partly superseded by a hori- 
zontal single-discharge Francis turbine. 

About 1 year after the Snoqualmie No. 1 plant was placed in 
operation, the Electra plant (now of the Pacific Gas and Electric 
Company), was built. In this plant the units were rated 3000 hp 


240 rpm. Here the statie head of 1466 ft was more suitable for 
impulse wheels. The Electra units consisted of a 2000-kva 
generator, driven by twin impulse wheels with one nozzle each. 
The two wheels were located side by side and in the same housing. 
The generators were the Stanley inductor-type, rated at 2000 kw. 

At the Phoenix powerhouse, a new unit of the same output 
rating as the old Electra unit (2000 kva) is now being installed. 
Since the output ratings are identical and the hydraulic features 
are someWhat similar, the two installations make a very interest- 
ing comparison between the unit built in 1900 and the unit built 
in 1939. 

Fig. 18 shows the two units to the same scale. The Phoenix 
unit has embodied within its design the latest known funda- 
mentals mentioned in the paper, even to the inclusion of the 
90-deg nozzle. From the drawing may be noted the straight-line 
approach of the needle in the Phoenix unit, while the Electra-unit 
needle approach includes a definite offset. However, the most 
striking contrast appears in the relative sizes of the two units. 
Attention should be called to the fact that the Phoenix unit has 
a direct-connected exciter on the end of the main shaft. Also 
space was provided for end shift of the generator stator. If it 
were not for these two items, the Phoenix unit would appear even 
smaller in the comparison. 

We know that for the same unit, the speed should vary with 
the square root of the head. It is interesting to note that Elec- 
tra, with 1466 ft static head, runs at 240 rpm, while the Phoenix 
unit, with 1155 ft static head, is now designed for 514rpm. Very 
striking, also, is the comparison of the wheel-to-jet diam ratio, 
which for Electra is 45.8 and for Phoenix is 12.7. If the Electra 
unit had been designed with the same wheel-to-jet diam ratio as 
Phoenix, the Electra speed would have been increased to a 
theoretical speed of 830 rpm. The nearest synchronous speed 
is 900 rpm, which is almost 4 times the original speed. 


J. D. Scovitie.’® The author’s discussion and illustration of 
the impulse-wheel jet indicate graphically the importance of 
proper design of the nozzle and the necessity for the introduction 
of straightening vanes to prevent spreading of the jet before it 
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reaches the runner. Proper design of elbows and approach pas- 
sages is also required to get an efficient jet. The author illus- 
trates various shapes of buckets and discusses briefly the im- 
portance of design on efficiency and cavitation. Wé think he 
does not dwell enough on one point which has a bearing upon 
efficiency, namely, the number of buckets. It is obvious that a 
runner with too few buckets will allow part of the water to pass 
without doing any work. It is also true that if too many are 
used, it becomes increasingly difficult to design the shape so that 
part of the water does not strike the back of adjacent buckets 
and so reduce the efficiency. Bolted construction limits the num- 
ber of buckets on account of mechanical stresses. The use of 
solid-cast runners and very careful design of the shape permits 
the maximum number to be used and the maximum efficiency. 
This is especially important with wheel ratios below 8 on high- 
specific-speed runners. Fig. 19 shows maximum wheel efficiency 
plotted against wheel ratio. This represents tests of runners with 
more buckets than those of Fig. 13 in the paper. 

Fig. 20 shows field tests of single-jet impulse wheels for the 
Toro Negro Plants in Puerto Rico. These are tests made on two 
different units of about the same specific speed in two plants of 
the Puerto Rico Reconstruction Administration. The runners 
of these units also have more buckets than shown in Fig. 13. 


AUTHOR’s CLOSURE 


The writer is indeed grateful for the many excellent ideas ad- 
vanced in the discussions. 

Mr. Bragg has pointed out the desirability of some form of 
adjustable plain nozzle which would eliminate the losses due to 
the needle bulb of the needle nozzle. Many tests have been 
conducted in the laboratory investigating the possibilities of such 
a nozzle but, on account of the many practical difficulties in 
handling the heavy loads, leakage, ete., no satisfactory design 
has as yet been evolved. 
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In Fig. 17, Mr. Bragg clearly shows the lack of symmetry of 
a power jet, resulting from the disturbance in the nozzle body. 
This disturbance becomes more acute as the relative radius of 
curvature is reduced, or as the elbow is made more abrupt, and 


-is further accentuated as the velocity of approach is increased. 


The presence of such elbow losses has been appreciated for 
many years and it is now customary, for example, in the design 
of penstocks, to favor elbows of large radius rather than those 
having abrupt turns. 

The problems of bucket and needle-nozzle cavitation and 
erosion have been studied very carefully both in models in the 
laboratory and in the large units in the field. Important progress 
is being made in correcting these difficulties both by changes in 
the design and in the use of tougher modern materials. The ex- 
ceptionally long life of buckets found in the case of a few old units 
has been given a great deal of study. In all probability there 
was an unusually favorable combination of water, moderate load- 
ing, and homogeneous materials which accounted for the excellent 
performance. The efficiency of these units, however, has not 
been of the best and does not compare with current practice. 

Mr. W. A. Doble is to be thanked for his excellent review of 
the early history of high-head impulse-turbine design. He has 
pointed out a number of interesting problems and the manner in 
which they were studied and solved at that time. 

The practical problems of cooperation between manufacturers 
and users of hydraulic-power machinery has been very ably pre- 
sented by Mr. Foulds. The hydraulic turbine is a custom-built 
or tailor-made machine designed for the particular hydraulic 
conditions of each installation. Consequently, model studies are 
of great value in verifying the results of the complicated calcula- 
tions and analyses. Further cooperation covering the produc- 
tion and financing of model studies is to be encouraged and will 
do much to promote further improvements in the art of hy- 
draulic-turbine design. 

The review of past and current practice in the design of ap- 
proach piping and penstock manifolds, presented by Mr. Gal- 
loway, shows the important progress made in recent years in a 
better understanding of the hydraulic problems involved. For 
example, the old practice of using a large manifold outside of 
the powerhouse, acting as a header from which a number of right- 
angle lines serve the individual units in the station, has been 
discontinued. 

Mr. Jollyman has pointed out a difficulty confronting the de- 
signer in providing a water-wheel bucket having both high 
efficiency and low stresses or a long working life. Laboratory and 
field results demonstrate the advantages of a sharp splitter and 
entering lip for high efficiency. Sharp edges of this type may be 
nicked or damaged readily by debris in the water, thus introduc- 
ing regions of local stress concentration which start further cracks 
and corrosion fatigue. When the entering lip of the bucket is 
made thicker and heavier in order to strengthen this part of the 
bucket against local stress concentration, the problems of entering 
the bucket into the power jet without turbulence and interference 
are greatly increased. Bucket design, therefore, must be a com- 
promise between strength and efficiency. The trend of recent 
research has been to develop revised forms of bucket lips of 
high strength and acceptable efficiency. 

Mr. Kerr suggests a more careful consideration of absolute 
velocities in studying the performance of model impulse turbines. 
Further information on the performance of a given unit when 
tested under a wide range in heads should throw more light on 
this problem. The reaction turbine and the centrifugal pump 
may be tested conveniently over a comparatively wide range in 
heads, since these two types of hydraulic machines are totally en- 
closed so that the flow is restricted into very definite channels 
and may be tested under heads varying from a few feet to 200 
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to 300 ft without much difficulty. However, the impulse turbine 
to be tested over its normal working range should be tested under 
heads of say from 200 to 2000 ft, which is beyond the facilities 
of most laboratories. These factors are fully appreciated and 
every opportunity will be used to explore further the influence 
of head. 

Fig. 18, submitted by Mr. Maryatt, shows the trend of modern 
impulse-turbine design. A wheel ratio of about 12 is still the 
minimum which is most favorable for high efficiency. This is 
again confirmed, in Fig. 19, by Mr. Scoville. Smaller wheels with 
lower ratios may reduce the first cost of both the hydraulic 
turbine and the generator but usually are not the most economical 
when the entire water supply is to be converted into useful power. 

In the early days of the industry, the large ratios resulted 
from the generator design, primarily, as it was fully appreciated 
even then that a ratio of 12 was advantageous. 

Determining the most favorable number of buckets, consistent 
with high efficiency, good performance, and working life, involves 
problems of mechanical and hydraulic design. Laboratory test- 
ing, as carried out by the company with which the author is 


associated, incorporates the use of wheel centers and buckets, 
permitting complete flexibility in order to determine the most 
favorable number of buckets, lead, speed, jet position, and other 
such factors. The number of buckets used in the cases set forth 
in the paper is that producing the most favorable combination. 
Mr. Scoville points out that the tests with which he is familiar 
used a greater number of buckets. This point is fully appreciated 
as it has been found that the most favorable combination de- 
pends upon the bucket design, so it is to be expected that the 
appropriate number will change with the type. 

The use of water-wheel buckets integrally cast with the wheel 
center is a practice of long standing and is well known to the art. 
Such buckets however are not satisfactory for laboratory tests 
as they do not permit of adjustments necessary to establish the 
most favorable assembly. 

The efficiencies, noted in Fig. 20 of Mr. Scoville’s discussion, 
are excellent and it is hoped that an opportunity will develop to 
obtain more complete details of the research which he has men- 
tioned so that a further comparison may be made with the facts 
presented in the author’s paper. 
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Joint Use of Diesel Engines and 
Utility Power 


By EDGAR J. KATES,' NEW YORK, N. Y. 


This paper shows that there are various ways in which 
a consumer of electric power may advantageously use both 
Diesel engines and public-utility service. 

A brief review is first given of the different uses that 
steam and hydroelectric public utilities have themselves 
made of Diesel-engine power on their own systems. 

The ways in which private power consumers have used 
Diesel engines and outside utility service jointly are dis- 
cussed under the following classifications: 

(a) Utility service as a stand-by for Diesel power; (0) 
Diesel power as stand-by for utility service; (Cc) Diesels to 
restrict the maximum demand on utility service; (d) 
utility service to check Diesel frequency and synchronous 
time; (e) utility service as auxiliary to Diesel power; (J) 
utility service to carry momentary load swings. 

Data are given on the diversity factor of the use of 
utility breakdown service by a group of private power 
plants. The factor exceeds 10/1. The author proposes a 
new form of rate for breakdown and auxiliary service which 
he considers more equitable to all concerned than the 
usual forms of rate for such service. 

The advantages to the power user of operating his Diesel 
plant electrically paralleled with the utility service are 
cited. The author discusses in detail the technical factors 
involved in parallel operation with which the power com- 
pany is concerned. He concludes that if simple precau- 
tions are taken no difficulties should occur either on the 
utility system or in the Diesel plant. Actual experience 
confirms this, and such parallel operation is increasing. 

Greater cooperation between private-plant owners and 
public-utility companies in facilitating the joint use of 
Diesel engines and utility service will benefit both parties. 


utility service has been thoroughly expounded by several 

authors (1, 2, 3, 4,5, 6,7).2 Also the use of Diesel engines 
in conjunction with steam engines in order to effect a balance 
between power loads and heating loads has been covered in a 
paper before this Society (9). The excuse for the present paper 
is that little has been said about the use of private Diesel power 
combined with public-utility service. While the paper has been 
written primarily from the viewpoint of the power user, an at- 
tempt has been made to consider the utility’s aspect also. 


"Tosi ENGINEERING of steam power joined with public- 


Uses or ENGINES 


Of course Diesel engines have long been used by public utilities 
themselves. Not only are there thousands of Diesel engines in 
the United States generating the entire output of public utilities 
(under corporate ownership as well as municipal), but Diesels 
have also been installed by the utilities to run in conjunction 


' Consulting Engineer. 

2? Numbers in parentheses refer to the Bibliography. 

Presented at the National Meeting of the Oil and Gas Power 
Division of THe AMERICAN SocteTY OF MECHANICAL ENGINEERS, 
Ann Arbor, Mich., June 19-22, 1939. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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with their own steam or hydro power. Since these public-utility 
uses of Diesel engines combined with other sources of power are 
similar in some respects to the private applications to be dis- 
cussed, they are here briefly reviewed: 

(a) Diesel engines to carry peak loads in steam central stations. 
Here the primary object is to avoid the stand-by losses of banked 
boilers and idling turbines. This application has been mainly 
confined to Europe. There, several huge Diesel engines have 
been installed, such as the two 11,700-hp engines at Hennegsdorf 
near Berlin, Germany, the 15,000-hp engine at Hamburg, Ger- 
many, and the 22,500-hp engine at Copenhagen, Denmark 
(10, 11, 12, 13, 14, 15, 16). 

(b) Diesels have been proposed for emergency ‘“‘house power” 
in steam central stations. When a flood or hurricane completely 
shuts down a station and destroys its interconnections, the plant 
can be more quickly restored to service if a moderate amount of 
power is available at once to supply the station lighting, run the 
auxiliaries, provide initial excitation, operate the switchgear, 
and the like. 

(c) Diesels for stand-by use on hydroelectric systems. The 
Diesels serve at times of low water and also for emergency re- 
serve. They are particularly applicable in locations where the 
water flow is so irregular that the banking losses in a steam 
stand-by station would be excessive. The rapidity with which the 
Diesel plant will take over the load is an important feature. In 
factory tests on one of the three 3750-hp units installed in 1927 at 
Miraflores Locks, Panama Canal Zone, the unit took over its 
full load in 32 sec after being started cold (10, 11, 12,13). This 
application of Diesels for hydroelectric stand-by is common; 
one manufacturer alone has installed ten such plants. A recent 
example is that of the Salt River Valley Water Users’ Association 
at Phoenix, Arizona, where two 7000-hp Diesel stand-by units 
were installed last year to operate in conjunction with an eight- 
plant hydroelectric system. 

(d) Diesels to carry the load of an isolated locality until the 
electrical demand becomes large enough to justify extension of 
a transmission line. During the period of utility expansion be- 
tween 1915 and 1930, a number of such installations were made in 
the Southwest, where growing utility systems would acquire a 
small inefficient steam plant in outlying territory, and by serving 
the area at low rates by means of a Diesel plant would eventually 
build up enough load to warrant the investment in a high-tension 
transmission line from a large steam station. In fact, in some 
cases, such as at Paris, Tyler, and Brownwood, Texas, Diesel 
stations originally installed with the intention of subsequently 
removing them to other locations were found so to improve the 
operating conditions near the ends of the transmission lines that 
they were kept in use in their original locations for more than ten 
years (10, 15, 17). 

(e) Diesels located at distant points on transmission lines to 
reduce peak loads in the main generating stations and on the 
transmission lines, reduce transmission losses, improve voltage 
regulation, increase power factor, and provide local service in case 
of transmission-line outage or main-station trouble. Diesel 
plants, designed to serve some or all of these purposes, long ago 
proved their value, and the practice, which became common in 
the Southwest some ten years ago, subsequently spread to other 
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sections such as Florida, Iowa, and Minnesota. In the latter 
region, the Otter Tail Power Company is operating a system 
comprising 36,000 hp in steam, 7000 hp in hydro, and 6000 hp 
in Diesel units (15, 17, 18). 


Private Use or ENGINES With Pustic-UTILitTy 
SERVICE 


The foregoing indicates the various uses that steam and hydro- 
electric utility systems have themselves made of Diesel-engine 
power within their own stations or out on their lines. Private 
power consumers, also, have already discovered ways of profit- 
ably using both Diesel engines and outside utility service in the 
same plant, and new uses are continually developing. The 
following types of applications will be discussed: 


(a) Utility service as a stand-by for Diesel power. 

(b) Diesel power as stand-by for utility service. 

(c) Diesels to restrict the maximum demand on utility service 

(d) Utility service to check Diesel frequency and synchronous 
time. 

(e) Utility service as auxiliary to Diesel power. 

(f) Utility service to carry momentary load swings. 


In some of these applications it will be evident that when the 
private-plant owner purchases public-utility service for joint use, 
he obtains a large benefit while the utility company merely sells 
current at standard rates. The question may therefore arise as 
to whether the utility company should not be entitled to charge 
higher rates for such service. The answer is explicit in the funda- 
mental theory under which public utilities are constituted, i.e., 
that public utilities are ‘affected with a public interest,” and in 
return for the exclusive privileges granted them, they are charged 
with the responsibility of furnishing the best possible service to 
all consumers at a price commensurate only with its actual cost. 
The fact that private-plant owners generate power for their own 
use which they might have bought from a public utility is no 
reason, under our basic law, why this group of consumers should 
be expected to pay the utility company a greater profit on the 
current sold them than on the current sold to any other group of 
consumers. 


(a) Utility Service as Stand-By for Diesel Power 


This application, which is the oldest of all, was the natural 
result of the occasional breakdowns of early Diesel engines during 
their development stage. Of course, most power users want 
power available continuously, but actually the need for unfailing 
service varies widely, from the gravel plant which can be shut 
down at any time with practically no economic loss, to the light- 
ing and elevator services in places of public assembly such as 
department stores. 

The practice of using utility service in this manner, which is 
generally known as “breakdown service,” varies with the circum- 
stances, but it is probably safe to say that the proportion of Diesel 
plants using it is steadily decreasing. One reason is that the 
records of modern Diesel plants show them to have high reliabil- 
ity. An analysis made by M. J. Reed of the A.S.M.E. Oil 
Engine Power Cost Reports for 1929 to 1935, inclusive, covering 
over four million engine-operating hours, showed that the en- 
forced shutdowns aggregated only 0.8 per cent of the operating 
time. Another reason for the lessened use of utility stand-by 
service is the rather surprising fact that the price for this type 
of service has been greatly increased in some important areas. In 
these areas, reserve Diesel units are now generally found to be 
cheaper than the stand-by charges for utility service. 

Different power companies have quite different policies as to 
the desirability of breakdown-service customers, possibly be- 
cause there is a lack of precise data on the service characteristics 
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of this group of consumers. Little information is available even 
on so important a factor as the diversity of the demands of a large 
group of users of breakdown service. Some interesting facts 
about this diversity were revealed in testimony presented before 
the New York Public Service Commission in 1936; this showed, 
for a one-year period, the date, hour, duration, and the electric 
load for each time utility breakdown service used by 118 pri- 
vate power plants of all kinds, steam and Diesel, industrial and 
commercial (19). The greatest coincident demand at any time 
(which happened to be in May) was only 9.7 per cent of the 
total breakdown service for which the group had contracted, and 
the actual coincident demand in December, the month of the 
utility-system peak, was only 2 per cent of the total power con- 
tracted for. In other words, the diversity factor, based on the 
total contracted demand, always exceeded 10/1. 

If this had been a group of Diesel plants only, it is probable 
that the diversity factor would have been even greater, in view 
of the fact previously cited that the average Diesel plant is out of 
service because of enforced shutdowns less than one per cent of 
the time. 

Utility rate schedules for so-called breakdown service are gen- 
erally faulty in form, because they do not give separate considera- 
tion to the two distinct ways in which this service may be used 
by the private plant: First, stand-by service, used only in case 
of an enforced shutdown of the private plant, which may not 
occur for months or years, and second, auxiliary service used 
voluntarily. 

One common form of rate is a minimum dollar charge, based on 
the amount of stand-by protection contracted for, which also 
covers the use of energy at the regular firm-service rates without 
additional cost up to the minimum charge. Such a form of rate is 
unfair to the utility company if the customer uses auxiliary serv- 
ice up to or beyond the minimum charge, as in that case the 
utility is providing him with stand-by protection free of charge. 

The other common form of rate is a minimum demand charge, 
in which the standard firm-service demand charge per kilowatt 
is applied, not to the kilowatts actually used, but to the kilowatts 
contracted for. If any energy is used, either for breakdown or 
auxiliary service, it is charged for at an additional rate. This 
form of rate is unfair to the customer who wants stand-by pro- 
tection only, but who rarely if ever uses any auxiliary service. 
Such a customer pays a price for stand-by protection which is 
greatly in excess of its cost to the utility because of the high di- 
versity factor of breakdown service by itself. 

In the author’s opinion, a form of rate for breakdown and aux- 
iliary service which would be equitable to both parties should 
recognize the distinction between these two kinds of service and 
should consist of, first, a charge for stand-by protection and, sec- 
ond, a charge for actual use. The first would be a monthly 
charge merely for the privilege of using current if desired (but 
not for the current itself). It would be a fixed sum based on the 
amount of stand-by service contracted for, and the charge per 
contracted kilowatt would be arrived at upon an actuarial basis 
founded upon the diversity of breakdown use as shown by past 
experience. Assuming a diversity factor of 10/1, as previously 
cited, and allowing for bookkeeping and other costs, the stand- 
by charge might properly be, say, $0.50 per kilowatt of stand-by 
protection contracted for. It should be noted that this is not a 
demand charge, because it is the charge paid only when there is no 
demand. 

The second part of the suggested rate would be a charge for 
actual use in any month, whether the use were for breakdown 
service or auxiliary purposes. This part of the rate could be the 
usual demand and energy charges in effect for general consumers, 
and would be applied to the actual demand and energy con- 
sumption recorded by meter for the month. If no current were 
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used during a month, only the stand-by charge would be paid. 

Under such a form of rate each customer would pay a fair 
price for the particular kind of service he used, without requiring 
any differentiating in the metering itself. In other words, stand- 
ard metering equipment could be used. 

The author believes that if rates for utility service to the pri- 
vate plant were of this form, the use of such service would in- 
crease considerably, with profit to all concerned. 


(b) Diesel Power as Stand-By for Utility Service 


This application, which is the reverse of the one just discussed, 
is a more recent development. Its origin and growth is a tribute 
to the reliability, compactness, and low cost of the modern 
Diesel engine, and its use has been accelerated by the 15 or more 
unfortunate but «-*- nsive outages of utility service that have 
occurred since January, 1936, in important urban areas like New 
York, Pittsburgh, and Buffalo. These outages have caused 
the managements of hospitals, schools, theaters, department 
stores, office buildings, apartment houses, hotels, telephone com- 
panies, and airports to become concerned with the problem of 
providing stand-by protection for their utility service. In fact, 
laws are already in force, e.g., the Fire and Panic Act of Pennsyl- 
vania (20), compelling the installation of emergency lighting 
systems in many classes of buildings. 

Among the Diesel plants acting as stand-by for utility power 
may be mentioned the 200-hp unit installed in 1923 in the Bell 
Telephone Central Office at Harrisburg, Pennsylvania, several 
plants installed in 1937 and 1938 in various central offices of the 
New York Telephone Company, a 40-kw set installed in 1938 for 
lighting and radio use at the Syracuse, N. Y., airport, and several 
installations in processing plants for motion-picture film in 
southern California. 


(c) Diesels to Restrict the Maximum Demand on Utility Service 


The purpose of this application of Diesel engines is to reduce 
the cost of utility service by limiting the demand imposed upon 
the utility lines. In addition, the engines serve as stand-by 
against utility outages. The engines may be used in two ways: 
First, where the load rises at certain times of the day, the engines 
absorb the hump of the curve and improve the load factor of the 
utility service and, second, where the utility company has a low 
off-peak rate, the engines take all or most of the load during the 
utility’s peak period. 

Two illustrations of this application are: 


1 The Dennison Manufacturing Company, Framingham, Mass., 
installed in 1931 a 350-kw Diesel unit to operate in conjunction 
with its steam plant and utility service (21). Prior to installing 
the Diesel, the steam-engine load was adjusted for maximum 
production of by-product power, and the balance of the load 
was carried by the utility. However, this imposed a highly 
variable load on the utility lines, with a correspondingly high 
demand charge. The Diesel engine improved the setup by 
smoothing out the utility load while still permitting the steam 
plant to generate maximum by-product power. At the same 
time the Diesel provided valuable stand-by service. 

2 The Union Stock Yards, Chicago, installed in 1932 a 225 
kw Diesel unit to supply power along with a 6000-kw steam- 
turbine plant and also utility power (22, 23). The total-load peak 
was 12,000 kw and the total annual consumption was 54,000,000 
kwhr. Prior to the installation of the Diesel, the limited ca- 


pacity of the steam-boiler plant made it necessary to purchase. 


about 42,000,000 kwhr with a maximum demand of 6000 kw, 
i.e., &@ load factor of 80 per cent. The installation of the Diesel 
greatly improved the over-all performance. The Diesel sup- 
plied 10,000,000 kwhr and 2000 kw, the steam plant generated 
10,500,000 kwhr and 6000 kw, while the utility load was re- 


duced to only 33,500,000 kwhr and 4000 kw, which improved the 
utility load factor to 95 per cent. 

In both of these plants the Diesel engines as well as the steam 
plants are electrically interconnected with the utility systems, 
which is highly desirable to simplify the allocation of load among 
the several power sources. 


(d) Utility Service to Check Diesel Frequency and Synchronous 
Time 


Because of the extensive use of synchronous clocks by utility 
customers, most utility systems maintain an exceedingly uni- 
form cyclic frequency together with periodic correction of ac- 
cumulated deviations in time. By introducing a small service 
from such a utility system into a Diesel alternating-current 
power plant, the same accurate control of frequency and time 
may readily be transferred to the Diesel system at a trifling cost. 
The Diesel-plant frequency can easily be checked against the 
utility system by means of the regular switchboard synchroscope, 
or even with a pair of lamps. Clock time can be readily checked 
by comparing two synchronous clocks, one connected to the utility 
system, the other to the Diesel-plant bus. Numerous installa- 
tions of this kind are giving good service. 


(e) Utility Service as Auxiliary to Diesel Power 


This falls into two general classes: First, where the utility serv- 
ice is used at a different time from the Diesel power; second 
where both power sources are used simultaneously (but not nec- 
essarily electrically paralleled). 

In the first class will be found many examples in office and loft 
buildings where such an arrangement permits the Diesel plant to 
be shut down at night and over week ends, when the load is 
small. Where this plan is adaptable, the savings in Diesel fuel, 
attendance, and wear exceed the cost of utility service at the light 
load. If the load is very small (such as for a few hall lights), 
and the utility rate for breakdown and auxiliary service is of an 
unfavorable form, it may be advisable to install a separate wiring 
system and purchase the current at the utility’s regular rate for 
firm service. 

In the second class are plants where the Diesel-engine capacity 
is sufficient to handle the normal load but utility service is used 
(either on a separate circuit or in parallel) to help out during the 
peaks. The use of utility service to carry part of the plant peak 
load iseconomical only when the utility rate schedule makes it feasi- 
ble to use the same service for several other purposes as well, such 
as supplying the valleys of the load curve when the Diesel plant is 
shut down, and furnishing stand-by protection. In such cases, 
less Diesel capacity is needed than otherwise, and more efficient 
operation is obtained because of the better running-engine ca- 
pacity factor. The author has elsewhere described a successful 
installation of this kind (24). 

However, on many rate schedules it is impossible to obtain 
breakdown protection together with auxiliary service economi- 
cally, and since utility demand charges alone are generally larger 
than Diesel fixed charges, it is cheaper in such cases to use a 
Diesel engine to carry the peak load than to buy utility service 
for this purpose only. 


(f) Utility Service to Carry Momentary Load Swings 


In some plants the load curve is uneven due to heavy current 
inrushes of short duration, say from !/2 see to 4 sec, due to motor 
starting, electric welding, and the like. Such inrushes sometimes 
create momentary loads that exceed the average load. If the 
power is supplied by an isolated Diesel plant, it necessitates in- 
vestment in excess plant capacity and also operation at a small 
(and less efficient) load factor. Under such conditions, utility 
service can be used to great advantage if the utility company will 
permit the Diesel plant to operate in parallel with its own service, 
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i.e., electrically interconnected. By suitably setting the Diesel- 
engine governors, the engine power is adjusted to carry the base 
load, and the utility lines supply the remainder. The adjust- 
ment of load is surprisingly simple, because the utility frequency 
is quite constant regardlessof load, while the engine governors have 
(or can easily be made to have) a drooping speed characteristic 
so that the speed drops with an increase in load. Consequently, 
once the engine governors are set for a given load, the engines 
will generate the same amount of power steadily, regardless of 
the total load that is being supplied. 

As this method of operation puts the uneven part of the load 
on the utility service, the layout must of course be such as to 
keep the swings within the limits permitted by the utility’s 
standard rules. 

Paralleled utility service was used in this way to stabilize the 
load on the first Diesel engine installed in 1987 in the Simonds 
Saw and Steel Company’s file plant located at Fitchburg, 
Mass. 

The reason why it is economical for the consumer to carry 
momentary load swings on utility service is that utility demand 
charges are based on demand-meter readings showing the inte- 
grated consumption for intervals of generally 15 or 30 min, so 
that the demand charge is not that of the momentary swings 
themselves but the integrated average of the swings and the 
steady load. For a simple example, suppose the only load on 
the utility’s meter is an elevator which starts every half minute 
and causes an inrush of 60 kw for 4 sec. The demand meter 
will not show 60 kw, but only 4/30 of this, or 8kw. This is not 
unfair to the utility, though at first glance it may appear so. 
The utility system serves many consumers and consequently 
benefits by the diversity in the time of their demands. This 
diversity is exceedingly large in the case of momentary swings, 
so that the merged load of a group of consumers having uneven 
loads is far smoother than their individual loads. Consequently 
the capacity required in the various components of the utility 
system, all the way back to the generating station, is but a frac- 
tion of the arithmetic sum of the individual consumers’ momen- 
tary swings. It is therefore entirely equitable that demand 
charges for this class of service, the same as for others, should be 
assessed on 15- or 30-min average loads instead of on momentary 
swings. 


PARALLEL OPERATION 


In several types of joint operation of Diesel engines with utility 
service the full benefits can be enjoyed by the power user only 
if the Diesel plant is electrically interconnected with the utility 
system. Such parallel operation is, in fact, essential in one class 
of service already described, i.e., where the utility service carries 
the momentary swings of an uneven load curve. 

Parallel operation is advantageous in most situations where 
both sources of power are used simultaneously, or where there 
should be no interruption in service when changing from one to 
the other. This is the case where the utility supplies auxiliary serv- 
ice to a Diesel plant, or where Diesel engines are used to restrict 
the utility maximum demand. Without parallel operation it is 
necessary to use double-throw switches, causing a momentary 
interruption of service as well as voltage and frequency changes 
whenever the switches are thrown. If the load must be dis- 
tributed between the two sources, a complicated and expensive 
system of multiple switching is required, and even then the load 
must be shifted suddenly in large blocks. Parallel operation 
eliminates all of this. The switching arrangements become sim- 
ple, and by merely manipulating the Diesel-engine governor, the 
load is gradually transferred with no service interruptions and 
with no change in voltage or frequency. 

When a Diesel plant is to be electrically interconnected with 
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a utility system, there are several factors with which the power 
company is rightfully concerned: 


1 Economic Effect of Feedback 


If the total load should fall below the output of the Diesel 
plant, it is physically possible for the Diesel plant to feed current 
back into the utility system. Such feedback would be eco- 
nomically unfair to the utility if no precautions were taken to pre- 
vent it from subtracting from the reading of the kilowatthour 
meter. The effect would of course be to give the consumer an 
excessive price for his dump power. In cases of power inter- 
change between utility systems and large industrials generating 
by-product steam power, additional metering equipment is in- 
stalled to measure the feed-back energy so that it may be credited 
at a proper value (3, 4, 5, 6, 7). However, in Diesel plants, such 
arrangements are unnecessary, because the cost of Diesel genera- 
tion is greater than the value of dump power. All that is required 
to prevent economic loss to the utility is to fit a ratchet on the 
meter shaft to prevent reverse registration. 


2 Electrical Effects of Feedback 


Since feedback through a ratcheted meter would be a direct 
loss to the private-plant owner, it would never be done deliber- 
ately. But what would be the electrical effects of feedbacks 
that might occur accidentally? This might happen, for example, 
on account of an unnoticed large decrease in power consumption, 
or because of a large drop in frequency of the utility service. 
The effects would vary somewhat with the method of distribu- 
tion used by the utility. 

(a) The most common method of distribution is by the 
alternating-current radial system, whereby one or several con- 
sumers are supplied by a feeder emanating from a substation. 
The usual protective equipment is a simple overload circuit- 
breaker at the substation end of the feeder, and also of course 
the ordinary fuse or circuit-breaker protection at the entrance to 
each consumer’s premises. (b) The alternating-current network 
which is the more general system for large urban distribution, 
consists of a network of interconnected street mains fed at nu- 
merous points by banks of transformers the primaries of which 
are supplied by high-tension feeders. The transformer second- 
aries are connected into the network through network switches 
which automatically open if the power flow is reversed. (c) The 
direct-current networks which exist in a few cities, such as New 
York and Chicago, are supplied by feeders from converter sub- 
stations. These feeders are protected by circuit breakers at 
both ends, which will open upon a reverse of polarity. 

A feedback from a private plant to an alternating-current radial 
feeder simply reduces the amount of energy fed into that feeder 
from the utility substation. Other consumers connected to the 
same feeder continue to receive their normal service, though part 
of it comes from the private plant. In the case of alternating- 
or direct-current networks, a feedback similarly supplies part of 
the requirements of other near-by consumers connected to the 
same street mains, thus reducing the load on the feeders supply- 
ing that portion of the network. If the feedback were of excessive 
magnitude, there is a theoretical possibility that it would ac- 
tuate the reverse-power relay at the street end of the feeder and 
open the circuit breaker. However, this could not occur unless 
all of the other consumers supplied from the same feeder were 
already being adequately supplied from the private plant, and 
therefore there would be no interruption or diminution of their 
service. The relatively small capacity of the usual Diesel plant 
compared to that of the local utility system makes it extremely 
unlikely that a feedback large enough to open a network switch 
would ever occur, and in fact the author knows of no such in- 
stance. However, if it should be deemed necessary, feedbacks 
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exceeding any given amount could be automatically prevented 
by installing a reverse-power relay on the consumer’s premises 
which would open the interconnection between the utility system 
and the Diesel plant as soon as the feedback reached a predeter- 
mined magnitude. 


3 Paralleling Derangements 


Because of accident or carelessness, derangements sometimes 
occur which cause 8 momentary but heavy current inrush over 
a paralleling connection. For example, a heavy inrush might 
occur when synchronizing, if the main switch were closed while 
the circuits were out of phase. Such an occurrence, however, 
does not seriously disturb the utility system or the service to 
other consumers, as an excessive inrush simply opens the over- 
load circuit breaker on the paralleling connection and discon- 
nects the private plant’s utility service. In other words, the 
other consumers in the vicinity would not be affected to any 
greater extent than they would be, under nonparallel conditions, 
by a short circuit on some other premises. 

The possible objections to parallel operation have been dis- 
cussed here at some length because some utility companies have 
been unwilling to permit private plants to operate in parallel 
with their service. As a matter of fact, inquiries made during 
the preparation of this paper show that different power com- 
panies have quite different policies as to parallel operation, some 
excluding it altogether while others have definitely provided for 
it in their rate schedules. Extracts from several power-com- 
pany letters on this subject are given in the Appendix, to show 
the wide diversity of policy. 

The situation in New York City is interesting. Parallel op- 
eration is now prohibited by the power company except for an 
instantaneous throwover limited to 1 kw. (This exception was 
made in order to avoid stopping electric clocks in an apartment 
house when throwing over.) The power company testified, in 
the Public Service Commission hearings previously cited (19), 
that in its opinion, parallel operation was not feasible under a 
network system of distribution. On the other hand, the author 
has made actual tests of Diesel power plants operating in parallel 
with both the alternating- and direct-current networks in New 
York, and in no case did any difficulties occur either in the Diesel 
plants or on the utility lines. 

There is little doubt that paralleling of private steam and 
Diesel plants with utility service is growing. In fact, some five 
years ago, H. Drake Harkins stated (7): 


The simplest case of cooperation between utility and industrial 
in the generation of electrical energy occurs when the industrial 
secures part of its demand from the utility and operates its own 
generating equipment in parallel with the utility but does not feed 
back. So many installations of this kind exist in the United States 
that it may be called common practice, although a few utilities have 
earned the ill-will of their customers by refusing to cooperate to this 
extent. This attitude is untenable, as can be proved by the entire 
success of the numerous existing installations. The utility in one 
large eastern city states that it has twelve customers operating in 
parallel, the largest taking 6500 kw from the power company and the 
smallest 100 kw. 


Diesel engines run as readily in parallel with utility service 
as do steam engines or turbines, and it is to be hoped that those 
power companies that have heretofore forbidden parallel opera- 
tion with Diesel engines will no longer stand in the way of engi- 
heering progress. 

CoNncLUSION 

There are already many instances where Diesel engines are 
used, or can be used, jointly with public-utility service. This 
joint use is increasing in several types of application because of 
the marked benefits it confers upon the power user in the form 


of improved s:rvice and lower costs. The benefits are not one- 
sided, as the power companies also profit from the increased 
business at fair rates which flow from such joint use. 

Parallel op:2ration, i.e., electrical interconnection between the 
Diesel plant and the utility lines, is often advantageous for the 
plant owner and has no harmful effects on the utility system. 

The all-too-frequent antagonistic feeling between private- 
plant owners and public-utility officials is greatly to be depre- 
cated, as it often prevents both parties from gaining the full 
benefits of joint service which could be achieved by cooperation. 

Engineers engaged on power studies should carefully investi- 
gate the possibilities of joint utility and Diesel service. 


Appendix 


Extracts from power companies’ letters in response to in- 
quiries as to circumstances under which they permit a customer 
to operate his own private electric plant in parallel with their 
service. 

1 Consolidated Gas, Electric Light, and Power Company of 
Baltimore, Baltimore, Md. 


We do not have any rates, practices, or plans for customer gener- 
ating plants to operate in parallel with our service with the excep- 
tion of our interconnection agreements with other utilities. 


2 Virginia Electric and Power Company, Richmond, Va. 


The Virginia Electric and Power Company has been studying 
this matter in a small way for the past several years, and at the pres- 
ent time has a few small interconnections. In each case the cus- 
tomer is operating back-pressure generating equipment in order to 
produce steam at low pressure or hot water for process. However, 
no specific rates or arrangements have been developed for this type 
of service. 


3 Philadelphia Electric Company, Philadelphia, Pa. 


Where a customer requires low-pressure steam for his actual manu- 
facturing processes which can be most economically supplied by ex- 
haust or bled steam from a prime mover, we permit parallel operation. 

You understand, of course, that our proposition with respect to 
such service must include the protection necessary to prevent the 
possible troubles inherent in parallel operation from adversely affect- 
ing our operations and consequently the service to other customers. 


4 Delaware Power and Light Company, Wilmington, Del. 


Of course, it is first presumed that the customer’s generating equip- 
ment is capable of being placed in synchronism with our line without 
any adverse effects to other customers connected to the line. 

Before arranging for a parallel connection, we would first make a 
study of the customer’s economics involved. Assuming that the 
economics point to partial generation by the customer and partial 
purchase, we would be agreeable to a parallel connection on the 
basis that the customer would own and maintain his substation and 
purchase not less than 100 kw; the actual capacity of the cus- 
tomer’s substation not to exceed the capacity in kilowatts for which 
he had contracted. In other words, there would be no element of free 
stand-by for the generating capacity used by him. Of course, if a 
customer desires stand-by capacity for his own generating plant, this 
may be purchased under the appropriate rate schedule. 

We now have several industrial customers whose generating equip- 
ment is, or can be, operated in parallel with our lines. 


5 Commonwealth Edison Company, Chicago, II. 


In cases of this kind we inspect the plant and if we find it is, in our 
opinion, being operated with proper supervision and if the class of 
business will not cause trouble if operated in conjunction with our 
service we permit them to so operate. 


6 The Detroit Edison Company, Detroit, Mich. 


I am pleased to advise that this company does permit parallel op- 
eration of customer’s generating equipment with its lines under cer- 
tain conditions. 

If the customer has a reliable operating staff and will guarantee a 
monthly minimum load of 500 kilowatts, parallel operation will be 
allowed. 

We do make certain recommendations that the customer provide 
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equipment for his protection in case of possible failure of our supply. 
It is further understood that under no conditions will we be held 
liable for damage to equipment for loss of production due to this 
parallel connection. 
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Discussion 


CHARLES SnypER.’ We have operated several Diesel plants 
in isolated communities to carry loads while the load was build- 
ing up to where a transmission line might be justified. We have 
also operated Diesels at the end of rather long transmission lines. 
In the ordinary case, the installation of a Diesel plant works out 
successfully for carrying a community until a line can be built, 
although it is quite costly because, usually, the load and load fac- 
tor are poor. The cost of hanging engines on the end of trans- 
mission lines can hardly be justified, except where the engines 
are available, in which case, we have found that it helps the situ- 
ation for a time, until service can be bolstered. 

In Mr. Kates’ discussion of utility service tied in with private 
industrial plants, he has taken the position that very largely the 
rate charged should perhaps be lower than most utility com- 
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panies think it should be, because of the diversity involved. The 
writer cannot agree with Mr. Kates on the matter of diversity, 
because, on most utility systems, diversity is not felt by the 
utility until it gets back to the generating plant. On the local 
distribution system, and even in so far as networks are con- 
cerned, diversity has little or no effect. 

As an example, the New York Public Service Commission, in a 
case with which, it is believed, Mr. Kates was identified, said in 
effect the same thing, that diversity was not felt until it practi- 
cally got back to the generating station, and that the rate which 
should be charged for breakdown or auxiliary service should be 
different from the one which is charged for full-time customers. 

The Wisconsin Public Service Commission, in the case of the 
municipal plant at Lodi, said the same thing, that the rate for 
part-time or temporary service should not be the same as the 
rate for full-time customers. 

It seems to the writer that both of those conclusions have been 
based on the fact that the regular customers of the utility are 
paying for service on a different basis, naturally, from what the 
part-time customer would pay for service. In other words, they 
are buying service on the basis on which the utility company has 
made its rate, that is, full-time service. It is a well-recognized 
fact that the utility company cannot afford to supply stand-by 
service for the demand portion of its rate. Its rates are based on 
the use of energy. Regular rates contemplate the real use of 
service and are designed accordingly. 

Such items as accurate frequency control and well-regulated 
voltage involve real expenditures on the part of the utility. The 
cost of these items is reflected throughout the entire rate struc- 
ture. If a customer were to purchase a relatively few kilowatt- 
hours at regular rates merely to stabilize the operation of an in- 
dividual plant, he would, in effect, be subsidizing his own plant at 
the expense of the regular customers of the utility. If this prac- 
tice became at all common, it would, in my opinion, not be long 
before the utilities would be called upon by the various state 
commissions to answer the charge of unjust discrimination. 

Now in the matter of the utility company’s handling momentary 
swings of load, Mr. Kates pointed out that it was a matter into 
which diversity again entered. The same reasoning, at least in 
the writer’s opinion, would apply in such a case, in that diversity 
is not effective until getting back to the power plant. For ex- 
ample, it would be practically ruinous to our distribution system, 
which serves a thinly populated area, including many scattered 
communities, to take such loads as mentioned in the paper. 

The point the writer is trying to make is that all of these are 
particular cases. Each individual case requires sound engineering 
study from the point of view of the private plant, the Diesel 
plant, and the utility. 

It might have been better if Mr. Kates had cited more really 
up-to-date cases than he has listed in his bibliography. It is also 
rather regrettable that the author did not go into more engineer- 
ing detail, rather than the sales angle. The utility companies 
and the private plants have need of such information. 


Outver F, ALLEN.‘ The writer does not remember any pre- 
vious paper before this Society in which the technical aspects 
of the interconnection of the isolated unit with the utility system 
have been so clearly and broadly defined and analyzed. It can 
be concluded safely, partly from this paper and partly from gen- 
eral knowledge, that there are no technical difficulties inherent in 
the interconnection of isolated plants and the central-station 
service. There are, however, economic questions, which some 
Diesel enthusiasts have not always evaluated; at least some of 
which might prevent Diesel installations from being made. As 
has been pointed out, the cost of having central-station service 


4 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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available, as well as the cost to the private-plant owner of having 
his own service available all the time but used only part of the 
time, are features to be considered. 

One private plant in the Middle West which was shut down 
more than three quarters of the operating week, had a load 
factor which was very low. Studies of this plant were made not 
very long ago, which indicated that the cost of operating the 
plant was not properly evaluated. The owner was under a mis- 
conception as to his actual operating costs. 

On the other hand we all know of cases which are very success- 
ful economically, particularly where the isolated plant is of sub- 
stantial size. There are also many other instances in which there 
is interchange of power between utilities and private plants, 
such as department stores, factories, and chemical or other 
process works, where the interchange of power goes on automati- 
cally and profitably for all concerned. In some plants there is no 
difference in rate. In others there is a rate differential. The 
meters are arranged so one set registers current coming from the 
private plant, while another set registers current coming from the 
central station. Rates are adjusted according to relative produc- 
tion costs. 

Here again, the writer would emphasize the importance of an 
honest and complete study and of real cooperation between the 
utility, the owners, and the engineer who designs the isolated 
plant. The owner should have an engineering consultant to study 
the problem and not depend upon the overanxious salesman, 
The salesman is frequently a competent engineer, but obviously 
he is interested in making his sale, whereas a man in the author’s 
position is able to analyze the problem and be more or less of an 
arbitrator. Such an independent engineer can then tell the owner 
whether he really should make the investment, because it is not 
simply a question of initial investment, labor charges, and fuel 
costs, but one of embarking in another business, requiring the 
diversion of funds from his own business. Before he enters the 
field of power generation, he should be sure that such a venture 
would be economically sound. 


H. C. Forses.6 This paper seems to suggest that the rates of 
some utilities for breakdown, or stand-by service, to private 
plants are inequitable and, in substantiation of this view, the 
author refers to data submitted in a case before the New York 
Public Service Commission which purported to show that the 
diversity factor for breakdown service to a small group of cus- 
tomers was at least 10 to 1. From this diversity data, he infers 
that the cost of supplying such customers with breakdown service 
must be relatively low so that they ought to be entitled to special 
consideration in the matter of rates. Having some familiarity 
with the data to which he refers, the writer would like to point 
out that, inasmuch as the service to the group of customers in 
question, during the period covered by the data, was fundamen- 
tally auxiliary service rather than breakdown service, there is 
good reason to doubt whether it is at all indicative of the diversity 
which might be expected from a group of customers employing 
utility service as a breakdown supply in the usual sense of the 
term. 

Be that as it may, there is no reason to conclude that, simply 
because under ordinary conditions the diversity among a group of 
breakdown customers is large, the cost of supplying them with 
breakdown service would necessarily be small. It must be real- 
ized that such a group of customers will not be located in a re- 
stricted area on the distribution system such as to make it possi- 
ble to take advantage of their diversity to reduce the distribu- 
tion-system investment. On the contrary, they may be expected 
to be widely scattered. It is generally necessary to install for 
each customer just the same distribution facilities for the custo- 


* Consolidated Edison Company of New York, New York, N. Y. 
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mer’s occasional use as would be required to deliver firm service of 
the same magnitude as that required for the breakdown supply. 
In general, therefore, it is not to be expected that the diversity 
will be a factor of any considerable importance in so far as distri- 
bution investment is concerned. 

The author also ignores the fact that a common emergency 
may well operate substantially to eliminate the diversity among 
the breakdown customers. An interruption in the supply of 
Diesel fuel, due to strikes, or a general strike of private-plant 
operating labor, would undoubtedly have the effect of throwing 
the entire group of breakdown customers simultaneously upon 
the utility service at maximum capacity. Indeed, the recent coal 
strike showed conclusively enough, in the case of coal-burning 
private plants, that this is precisely the result to be anticipated, 
and the utilities must have adequate generating capacity to cope 
with such an emergency. Whatever the diversity may be under 
normal conditions among a group of breakdown customers, 
there is good reason to doubt, therefore, that the utilities are able 
in consequence to effect any substantial investment economies in 
supplying them with breakdown service. 

From a casual reading of the paper, it might be thought that 
the auxiliary service, which is frequently associated with utility 
breakdown service to private plants, would constitute a desirable 
load for the utility. For obvious reasons, it often turns out to be 
quite the contrary. Usually the private-plant operator, in the 
interest of cutting down the amount of equipment required for his 
plant, will plan to use the utility service to carry his peak. As a 
general thing the private-plant peaks are likely to coincide pretty 
much with the utility-system peak so that the result is to impose 
an additional load of very poor load factor upon the utility sys- 
tem, causing its peak to occur at the worst possible time from the 
standpoint of the utility. 

The author also labors to show that the parallel operation of 
private plants with utility systems is not undesirable. Under 
conditions which obtain on radial systems and, in the case of high- 
tension paralleling arrangements, there would seem to be no ob- 
jection to such parallel operation. The operation of private 
plants in parallel through the low-tension networks of the utility 
systems, however, involves certain objectionable conditions which 
the author mentions in his paper without glossing them over 
very successfully. It is difficult, indeed, to see any reason why 
the utility companies should take upon themselves the duty of 
guarding against the possibility of harmful results which might 
arise through indiscriminate parallel operation, especially when 
their firm-service customers would be the ones to suffer in the 
event of a disturbance due to improper operation by the private 
plants. 

It is to be noted finally that the breakdown rates of the utili- 
ties, of which Mr. Kates is so critical, have generally been sub- 

jected to an impartial review by the Public Service Commission 
having jurisdiction, before they were permitted to be put into 
effect, and it seems a little presumptuous to challenge them as 
inequitable without supplying more convincing supporting evi- 
dence than his paper contains. 


AUTHOR’s CLOSURE 


The author is heartily in agreement with Mr. Snyder’s state- 
ment that the rates charged for utility service supplied to private- 
plant operators should be based on sound engineering study of 
this class of service. It is believed that in the majority of cases, 
such rates have been arrived at rather arbitrarily, and have been 
based more upon commercial and competitive considerations than 
upon the actual cost of the service. 

Mr. Snyder is correct about the variations in diversity factor 
which may occur in different places. Certainly, on a long feeder 
line, serving only one or two customers in some isolated section, 
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there will be a much smaller diversity effect upon the distribution 
system and transmission lines than in the network system of a 
large city, where, within an area of a few blocks, a number of 
private plants are all served from the same network. 

Again the author agrees with Mr. Snyder that the rate for 
breakdown and auxiliary service to private plants should be dif- 
ferent from that for general consumers. With this in mind, a 
two-part rate for breakdown and auxiliary service was proposed. 
One part would be the same as the rate for general service, based 
on the actual demand and energy as shown by the meter. The 
other part of the rate would be an additional charge to the break- 
down user consisting of a stand-by charge which he would pay in 
addition to the charge for the actual use of current. This rate for 
stand-by protection should be based upon actual cost, taking into 
account the diversity and other characteristics of that particular 
system. 

Such a two-part rate was in fact proposed to the New York 
Public Service Commission in the case cited in the paper. It is 
gratifying to note that the Commissioner who heard the case 
concurred in principle, and in his printed opinion he proposed a 
charge for stand-by protection of two thirds the demand charge 
for actual use. 

Referring to utility rates for swing loads, time service, low-load- 
factor service, etc., Mr. Snyder seems to advocate a higher charge 
to the private-plant operator than to the general consumer for 
identical service. This would be discriminatory indeed. The 
rate schedules for general consumers are supposed to impose fair 
charges, based upon actual cost, on those general consumers who 
happen to have swing loads, those who want time service only or 
those whose loads have a low load factor. If the prevailing rates 
to general consumers for service of such characteristics give the 
utility a proper return on cost, there is, in the author’s opinion, 
no valid reason why the same rates should not apply to private- 
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plant operators who want utility service of the same characteris- 
tics. 

Mr. Forbes believes that the diversity factors of breakdown 
service, cited in the paper, applied to auxiliary service rather than 
to breakdown service. He is mistaken; the testimony upon 
which these figures were based are the answers received from 140 
breakdown- and auxiliary-service customers to questionnaires® 
issued by the engineering staff of the New York Public Service 
Commission, calling for detailed data on each occasion where 
utility breakdown service was used by compulsion because of a 
plant breakdown. No auxiliary service was included. 

Mr. Forbes believes the author is “presumptuous” in criticizing 
breakdown rates which, Mr. Forbes states, have generally been 
impartially reviewed by the Public Service Commissions having 
jurisdiction, before being put into effect. Yet in the same New 
York case to which Mr. Forbes refers, the Commission permitted 
the company’s proposed rate to become operative because the 
Commission had no power to compel a further suspension, and it 
went on record’ as follows: ‘The Commission has not found that 
the demand charge or the energy rate were just and reasonable 
rates. The Commission has left these matters open for later de- 
termination when it has sufficient evidence to determine what is 
a fair demand charge and what is a fair energy charge.’’ Here is 
an instance of an unapproved rate that has been in effect for 
3 years. 

Mr. Forbes’ discussion is itself evidence of that antagonistic 
feeling between public-utility officials and private-plant owners 
which was referred to in the paper. Surely the engineering prob- 
lem of coordinating two different sources of power can better be 
solved by objective analysis and factual engineering studies. 


€N. Y. State Public Service Commission, Albany, N. Y. Case 
8622, Exhibits 35 and 37. 
7 Case 8622, Decision of October 29, 1936, p. 4. 
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An Improved System in the Application of 
Noncondensing or Extraction Turbines 


By H. W. CROSS! anv E. S. WELLS, JR.,2 CHICAGO, ILL. 


The purpose of this paper is to demonstrate methods 
by which the electrical output of noncondensing or 
extraction turbines may be increased. The electrical 
output is definitely established by the energy drop between 
initial and exhaust conditions and by the quantity of 
steam flow. By increasing the total steam temperature 
at the throttle for a given pressure, the available energy is 
increased and consequently the electrical output. The 
application of a combined desuperheater and feedwater 
heater at the exhaust is shown to be advantageous in 
realizing gains from the use of higher-temperature steam. 
Examples demonstrating the possibilities inherent in 
such systems are illustrated and explained. 


ing turbines and extraction turbines to choose an initial steam 

condition, i.e., a total temperature at the selected inlet pres- 
sure, that will give the desired temperature at the exhaust or ex- 
traction opening of the turbine to suit the low-pressure system 
which is being served. As most applications are made in con- 
nection with old low-pressure-turbine equipment, the design of 
which limits the temperature at which they may be operated, or 
process systems where little or no superheat is desired, the total 
temperature at the throttle for the new turbine is thus definitely 
limited. 

A considerable gain in the electrical output from the high- 
pressure, noncondensing portion of this cycle may be realized by 
increasing the total steam temperature at the throttle. The 
electrical output is definitely established by the energy drop be- 
tween initial and exhaust conditions and by the quantity of steam 
flow. By increasing the total steam temperature at the throttle 
for a given steam pressure, the available energy between initial 
and exhaust conditions is increased and the electrical output is 
proportionately increased. However, the increase in initial 
temperature causes an increase in the temperature at the exhaust 
and results in an exhaust temperature higher than desired. This 
gain in electrical output may be obtained if a desuperheater is 
installed on the exhaust system to reduce the temperature of the 
exhaust steam to suit the low-pressure system. 

In systems of this nature, it is common practice to install a 
feedwater heater served by the exhaust steam from the high- 
pressure turbine, in order to obtain a greater electrical output by 
utilizing more heat from the exhaust steam, thereby increasing 
the flow of steam through the high-pressure unit. 

As an improved system for realizing this gain by the use of 
higher steam temperatures, the application of a combined de- 
superheater and feedwater heater at the exhaust is suggested. 
This would consist of two sections. One section would be a 
surface type of heat exchanger, designed on a counterflow basis 


|’ HAS BEEN the practice in the application of noncondens- 


1 Engineer, Turbine Sales, General Electric Company. Mem. 
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and arranged for free flow of exhaust steam through it. The other 
section would be designed as a condensation-type feedwater 
heater. 

The feedwater being returned to the boiler would be passed 
first through the heater section. If this section were of the surface 
type, it would be proportioned with sufficient surface to raise the 
feedwater temperature to within a reasonable terminal difference 
of the saturation temperature of the exhaust steam. This 
heater might be of the open type. However, the position in the 
system and the pumping arrangement would seem to dictate the 
choice of the closed-type heater. The feedwater would then 
flow through the tubes of the other section of the heater, where it 
would absorb the heat represented by the superheat in the 
exhaust steam. In reducing the temperature of the superheated 
exhaust steam, the temperature of the feedwater would be ele- 
vated above the saturation temperature of the heater. Steam 
of the desired temperature would be delivered to the low-pressure 
system, and the feedwater would be delivered to the boiler at a 
higher temperature than would be obtained from an ordinary 
saturation-type feedwater heater alone. 

By transferring the high-level heat represented by the superheat 
in the exhaust steam to the feedwater supplied to the boiler at a 
temperature above the saturation temperature of the heater, the 
use of exhaust heat in the cycle is increased, with a consequent 
increase in heat flow through the turbine and a greater electrical 
output in conjunction with serving the necessary heat demand of 
the low-pressure system. 

The design of the thoroughfare-desuperheater section would 
be determined by the temperature desired for the steam supply 
for the low-pressure system, which would establish the terminal 
difference between the feedwater entering this section and the 
steam leaving it. It would be desirable to design the desuper- 
heating section to maintain a somewhat lower temperature than 
that required by the system, in order to provide a range for auto- 
matic control of the temperature. 

Fortunately, where saturated steam is required for process 
work, approximate saturation is generally acceptable and a small 
amount of superheat does not appear to be objectionable. This 
is evidenced by the fact that where superheat is not controlled, 
the increase in temperature of the exhaust steam, occasioned by 
the lower efficiency of the prime mover under partial loads, is 
accepted. This margin in the system may be utilized to good 
advantage in decreasing the size and cost of the thoroughfare de- 
superheater by providing a higher terminal difference in the 
heater. 

With certain choices of initial temperature and pressure, it is 
possible that, in absorbing the heat of the superheat in the 
exhaust, the feedwater to the boiler might attain too high a tem- 
perature to be conveniently handled. The temperature of the 
feedwater from the desuperheater can be regulated and held at the 
maximum allowable temperature by a by-pass around the feed- 
water-heater section, with a temperature control. This control 
would limit the temperature rise at the heater by by-passing a 
portion of the feedwater around it. 

The thoroughfare desuperheater and the feedwater heater 
might be built as two separate sections working together as a 
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unit, or the two sections could be combined in a single shell, 
depending upon physical limitations or design characteristics. 
In either case, it would consist of a thoroughfare-desuperheating 
section and a feedwater-heating section. Between the heater 
section and the desuperheater section, provision should be made 
for detraining steam condensation from the thoroughfare section, 
to prevent its being carried into the low-pressure system. Under 
certain conditions of control or certain load conditions, it is pos- 
sible that a portion of the surface of the desuperheater section 
might act as a condensation heater, resulting in the formation of 
some condensate. 

An appreciation of the relative outputs of these systems may 
readily be gained from the accompanying illustrations. The 
steam pressures and load conditions were arbitrarily selected as 
being in the realm of normal usage. The turbine efficiencies used 
are based on normal commercial values which vary with the 
steam conditions, the size of unit, and the loading of the unit. 

Fig. 1 shows a conventional application of a noncondensing 
turbine supplying 50,000 Ib per hr of saturated steam at 150 Ib 
gage pressure to process or to other equipment. It is as- 
sumed that this 50,000 lb per hr is returned as feedwater at a 
temperature of 210 F from other feedwater heaters. A high- 
pressure feedwater heater is indicated, proportioned to heat the 
feedwater to a temperature of 356 F when supplied with 150 Ib 
gage steam from the exhaust of the high-pressure turbine. With 
a pressure of 650 lb gage at the throttle and a turbogenerator 
efficiency of 64.6 per cent (turbine efficiency alone of 68.5 per 
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cent), it is necessary to limit the total temperature at the throttle 
to 596 F in order to deliver saturated steam at the exhaust. This 
requires a steam flow of 58,646 lb per hr and gives an electrical 
output of 1390 kw. The heat supplied by the boiler for this 
combined steam-and-electrical load is 55,887,000 Btu per hr. 

Fig. 2 shows an application to supply the same 50,000 Ib of 
saturated steam per hr at 150 lb gage pressure, in which 650 Ib 
gage at the throttle is used with a total temperature of 850 F. 
With a turbine efficiency alone of 70.5 per cent, the exhaust steam 
from the turbine at 150 lb gage would have a total temperature of 
582 F. With a conventional type of desuperheater as shown, 
when supplied with feedwater at a temperature of 210 F, a flow of 
44,730 lb per hr of exhaust steam would be sufficient to furnish 
50,000 Ib per hr of saturated steam to the low-pressure system. 
This requirement, together with the necessary 150 lb steam to 
serve the conventional high-pressure heater to heat the feedwater 
to a temperature of 356 F, requires a flow at the throttle of 51,527 
lb per hr, which produces an electrical output of 1680 kw. This 
increase of 290 kw is an increase of 20.9 per cent in the power out- 
put incident to the furnishing of the same quantity of low-pressure 
steam, as in Fig. 1, and is obtained from this application of the 
increase in initial steam temperature from 596 to 850 F. The 
heat supplied by the boiler for this combined steam-and-electrical 
load is 56,930,000 Btu per hr. 

Fig. 3 illustrates the application of the thoroughfare desuper- 
heater and feedwater heater to supply the same 50,000 Ib of 
saturated steam per hr at 150 lb gage pressure, with initial steam 
conditions as in Fig. 2, namely, 650 lb 850 F at the throttle. To 
allow for a 5-lb pressure drop through the desuperheater, the 
back pressure at the turbine would be increased to 155 lb gage. 
With a turbine efficiency alone of 72.8 per cent, the exhaust 
steam at 155 lb gage pressure will have a temperature of 581 F. 
The 50,000 lb of steam per hr, required by the process in passing 
through the thoroughfare-desuperheater section, is desuperheated 
by the feedwater and is supplied to the system at saturated 
temperature. Exhaust steam is absorbed in the feedwater-heater 
section in sufficient quantity to elevate the feed temperature from 
210 to 356 F. The feedwater, in passing through the desuper- 
heating section in contact with the thoroughfare flow of steam in 
counterflow direction, would be heated to a temperature of 465 F 
for return to the boiler, in absorbing the heat of superheat of the 
exhaust steam. The total flow required from the turbine is 
58,646 Ib per hr, which gives an electrical output of 1921 kw, a 
gain of 531 kw over Fig. 1, and a gain of 241 kw over Fig. 2, or 
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heat supplied by the boiler for this combined steam-and-electrical 
load is 57,800,000 Btu per hr. 

Figs. 1, 2, and 3 are presented to demonstrate the increase in 
power available in connection with supplying low-pressure steam 
and therefore are measured in terms of electrical output. The 
increase in boiler capacity to accomplish this gain is small, since 
it is but necessary to supply the heat represented by the added 
kilowatt output at the rate of approximately 3600 Btu per kwhr. 
The relative amounts of heat supplied by the boiler, therefore, the 
relative boiler capacities required, compare as follows: Fig. 1, 
100 per cent; Fig. 2, 101.8 per cent; Fig. 3, 103.4 per cent. 

For installations where some superheat is desirable in the steam 
being furnished to the low-pressure system, the thoroughfare de- 
superheater might be designed with a greater terminal difference 
and equipped with a temperature control which would be ar- 
ranged to control the proportion of exhaust steam routed through 
the desuperheater. Sufficient exhaust steam would be by-passed 
around the desuperheater so that, when mixed with the balance 
of the exhaust steam, the resultant mixture would have the de- 
sired temperature. The by-pass temperature control would be 
simple. It would consist of a damper or regulating type of valve 
which would be automatically positioned to proportion the flow 
through the desuperheater and around the desuperheater in a 
manner to give the necessary mixture to maintain the required 
temperature to the low-pressure system. 

Similar gains and an improvement in thermal efficiency of the 
plant may be realized in the application of this scheme to con- 
densing-type extraction turbines. The same proportional in- 
crease in output may be expected from the steam extracted for 
use in the process or the low-pressure system, which reduces the 
flow of steam to the,condenser for a given output. In addition, the 
efficiency of the use of the condensed steam is improved, result- 
ing in a gain from that portion of the flow commensurate with the 
gain on any condensing cycle by the increased inlet temperature. 

Fig. 4 shows an application for an assumed requirement. of 
5000 kw electrical energy and a low-pressure demand for 50,000 
lb of steam per hr at 50 lb gage, 25 deg superheat (323 F total 
temperature). 

With 450 lb steam at the throttle, a total temperature of 625 F 
is required to give 25 deg superheat at the extraction opening at 
this load. With two stages of feedwater heating, the high-pres- 
sure heater served from the 50-lb extraction point to give a final 
feed temperature at the boiler of 288.7 F, and with 2 in. absolute 
back pressure at the condenser, a flow of 92,970 lb of steam per hr 
is required. The heat supplied by the boiler would be 98,455,000 
Btu per hr. 

Fig. 5 shows an application with load conditions similar to 
those shown in Fig. 4, except that a total temperature of 825 F is 
maintained at the throttle and a thoroughfare desuperheater is 
used to reduce the temperature of the 55-lb-gage extracted steam 
to the desired 25 deg superheat. In this case the steam as ex- 
tracted from the turbine would have a total temperature of 484 F 
(181 deg superheat). In reducing the temperature of this ex- 
tracted steam in the thoroughfare desuperheater to the desired 25- 
deg superheat the feedwater would be heated to 336 F. The 
total flow of steam required from the boiler would be 83,670 lb of 
steam per hr. The heat supplied by the boiler would be 93,710,- 
000 Btu per hr. 

As the steam-process load and the electrical load are held con- 
stant in the examples demonstrated in Figs. 4 and 5, the improve- 
meat in operation would be measured by decrease in fuel con- 
sumption. The saving of 4,745,000 Btu per hr in heat supplied 
by the boilers represents a reduction of 4.7 per cent in the fuel cost 
for supplying the steam-and-electrical load. 

On noncondensing extraction turbines, the application of the 
thoroughfare desuperheater would be made at the extraction 
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opening or at the exhaust, depending upon which low-pressure 
system served to limit the inlet-steam temperature. The results 
from the application would be in all respects similar to the non- 
condensing-turbine application. 

No attempt has been made to determine the economic factors 
in the examples given. In evaluating the applications, considera- 
tion must be given to the costs due to the modified boiler flows, 
the added superheat, the increased turbine capacity required, and 
the cost of the desuperheating equipment. As the resultant in- 
creased output from the noncondensing portion of the cycle is at 
a rate of approximately 3600 Btu per kwhr, the allowable cost for 
the suggested application could be the same, per kilowatt of 
increased capacity, as is found to be justified for the so-called 
“topping” installations. The surrounding conditions are so 
diverse in applications of this nature that each case must be con- 
sidered on its own merits. It is recognized that a thoroughfare 
desuperheater designed to a close terminal difference would be 
large. As previously pointed out, however, the operating margin 
usually will permit the use of a design that will serve to decrease 
the size. 

The thoroughfare-desuperheater and feedwater-heater com- 
bination introduces no complex apparatus and includes the cus- 
tomary feedwater heater. It may be equipped with all the neces- 
sary controls to hold constant temperatures of steam and feed- 
water from it when supplied with varying temperatures of both 
steam and water. The scheme shows substantial increases in 
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electrical power production in supplying a lower-pressure steam 
demand over conventional adaptations of these cycles, and merits 
consideration in situations where the added output is of advan- 


tage. 


Discussion 


W. F. Ryan? anp E. W. Norris.‘ The system described by 
the authors has been applied by the writers’ company for several 
years and there is, therefore, a considerable background of actual 
experience supporting the mathematical demonstrations in this 
paper. While we have used the system in the majority of our 
central-station designs since 1933, the opportunity to use it in a 
back-pressure industrial plant did not arise until 1937. The ad- 
vantages are much greater in the latter field, but its use has been 
restricted by a not unjustified reluctance on the part of industrial- 
power-plant operators to use very high steam temperatures. 

The heaters required for this desuperheating cycle are usually 
small and inexpensive and no major difficulties have been experi- 
enced in operation or maintenance. The operating temperatures 
are frequently too high to permit the use of copper or copper-alloy 
tubes. Stainless steel is entirely serviceable but its low heat- 
transfer rate results in a bulky as well as expensive heater. For 
some high-temperature applications, chrome-vanadium steel. 
S.A.E. 6120, has been used. If properly heat-treated, tubes of 
this material are satisfactory under normal service conditions. 
Where it is possible to do so, the cycle should be designed to give 
temperature conditions which will permit the use of copper-alloyv 
tubes in the desuperheating heater. 

The authors have demonstrated the efficiency of this system 
for the back pressure and topping installations, but it also has 
marked advantages in the more limited application to the 
straight regenerative condensing central-station cycle. The 
latest installation of this type is in the South Meadow Station of 
the Hartford Electric Light Company, in connection with a 
40,000-kw condensing-turbine generator, operating at 825 lb gage 
throttle pressure and 900 F total steam temperature.’ At full 
load, steam is extracted from the eighth stage at 165 lb gage and 
580 F (207 F superheat). This extracted steam, together with 
the high-pressure gland leakoff which is at a much higher tem- 
perature, is passed through a closed heater with a total heating 
surface of 353 sq ft and is condensed in an open feedwater heater 
and in the coils of the station evaporators. The feedwater is 
raised to saturation temperature (373 F) in the open heater and 
is pumped through the desuperheating heater en route to the 
boiler. The increase in temperature in the desuperheating heater 
is approximately 10 F and, due to decreasing efficiency of the high- 
pressure stages of the turbine at partial loads, this temperature 
increase is practically constant at all loads from 6000 kw to 
45,000 kw, in spite of the fact that the throttle temperature drops 
at low boiler outputs. The use of the desuperheating cycle in- 
creases the total extraction by about 4000 Ib per hr at full load, 
resulting in a yield of more than 150 additional kw generated as 
a “by-product” of the steam used for feedwater heating and 
make-up evaporation. 

The desuperheating cycle becomes more effective as the portion 
of steam passing through the desuperheating heater increases in 
comparison to the total amount of steam in the cycle. For this 
reason it is particularly effective when applied to noncondensing 
high-back-pressure turbines or to extraction-type turbines where 
a large portion of the total steam is extracted. Obviously, the 
effectiveness of the cycle varies with the amount of superheat in 


34 Stone & Webster Engineering Corporation, Boston, Mass. Mem- 
bers A.S.M.E. 

5 “South Meadow’s New 40,000-Kw Extension,”’ by William F. 
Ryan, Power Plant Engineering, February, 1939, pp. 96-102. 
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the steam extracted or exhausted from the turbine. Where tur- 
bines operate at very high initial pressures and exhaust or extract 
at relatively low pressures, very little superheat remains, even 
with high initial temperatures, and the gain in power output and 
economy through the use of a desuperheating heater is relatively 
small. Conversely, in those installations, where steam is removed 
from the cycle at relatively high pressures and, especially, where it 
is impracticable to use initial pressures that are high enough to 
give a large amount of by-product power, considerable superheat 
may remain in the steam extracted, even with moderate initial 
temperatures. Under these conditions, the desuperheating cycle 
becomes very effective and enables a desirable increase to be 
made in the amount of by-product power generated under these 
unfavorable circumstances. 

In many installations where noncondensing turbines are used 
to top existing power plants, the use of a condensing-type heater, 
drawing steam from the topping-turbine exhaust is considered 
questionable as, in effect, this heater operates on steam drawn 
from the low-pressure-boiler plant and transfers load from the 
high-pressure to the low-pressure boilers. The introduction of 
the desuperheating heater, however, is not subject to this criticism 
as the steam passing through it is exclusively from the high- 
pressure cycle and contributes materially to its efficiency. 

The effects of the desuperheating cvcle are not confined to 
the turbine-and-heater portion of the power plant, but also bring 
about some interesting changes in the design and operation of 
the boiler. As compared to the straight extraction plant with 
low-pressure heaters and moderate feed temperatures, the plant, 
equipped with a condensing heater connected to the extraction or 
crossover pressure with a desuperheating heater, operates at 
extremely high feedwater temperatures. While it requires the 
generation of a considerable amount of additional steam, due to 
the high feed temperature and the nature of the cycle, much of 
the heat in the steam is recirculated and the increased output 
of the boiler as measured in Btu per hr is small, as compared to 
the increase measured in lb per hr. For this reason the physical 
dimensions of the boiler remain practically constant, in spite of 
the fact that the high-pressure plant has materially increased 
power-generating capacity. A slightly increased furnace is re- 
quired in order to burn the fuel needed for the increased by- 
product power generated. The convection water-heating surface, 
however, remains approximately the same, and only the super- 
heater surface needs to be materially increased. The steam 
releasing space must be increased to correspond with the in- 
creased evaporation. This requires a larger drum, but usually 
has no material effect upon the space requirements of the boiler 
and relatively moderate effect on its cost. 

Other changes required for the desuperheating type of plant 
are increased pipe sizes and increased capacity of boiler feed 
pumps. Fan and pulverizer sizes should remain practically the 
same as with the simpler cycle. 


AvuTuors’ CLOSURE 


The discussion by Messrs. Ryan and Norris brings out severa! 
interesting features of the thoroughfare desuperheater scheme. 
It shows that similar arrangements have had some cases of ap- 
plication which had not come to the attention of the authors 
and apparently the cost of the equipment is not more than for 
ordinary conditions. The discussion is also in agreement with 
the claims and calculations of our paper. 

Messrs. Ryan and Norris do not discuss the proposed features 
of automatic control. For ordinary power-station conditions, 
the temperature and pressure can be allowed to increase and 
decrease with load conditions, but for steam for process work 
they must be maintained fairly constant. This can be easily 
accomplished by appropriate control as mentioned in the paper. 
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Performance Characteristics of a Mechanically 
Induced Draft, Counterflow, Packed 


Cooling Tower 


By A. L. LONDON,' W. E. MASON,? ano L. M. K. BOELTER® 


Predicted and test results of a packed cooling tower are 
presented in this paper. The geometrical form of the air- 
water interface may be described as a sheet conforming to 
the streamlined shape of the tower packing, in contrast 
with jets and drops encountered in other types of towers. 
Tower performance is expressed in terms of its effective- 
ness as an energy exchanger, as compared to the perform- 
ance of an infinitely high tower. The effectiveness was 
found to vary from approximately 0.3 at low water rates 
and high air rates to 0.8 at high water rates and low air 
rates. Experimentally determined unit conductances for 
diffusion vary with the 0.48 power of the gas rate, for Reyn- 
olds numbers of from 7000 to 24,000, which is in sub- 
stantial agreement with published thermal-convection 
data for similar shapes. The height of the transfer unit 
(HTU) was found to vary from 3.3 to 6.3 ft, depending 
predominantly upon the fraction of wetted packing area 
and the air rate. A simple method, analogous to that em- 
ployed for counterflow heat-exchanger calculations, is 
presented for predicting tower performance analytically. 
This method is based upon the integration of the energy 
and material-balance equations together with the rate 
equations, subjected to the simplification that the unit 
over-all conductance for thermal convection may be ap- 
proximated by the product of the air-water-vapor-mixture 
unit-heat capacity and the unit over-all conductance for 
mass transfer. 


HERE is a dearth of basic heat-transfer and diffusion 

data for cooling towers. As a consequence, rational de- 

sign is in many cases impossible. The objectives of this 
paper are: 

1 To present experimentally determined heat- and mass- 
transfer data together with tower performance as an energy ex- 
changer for a particular system. 

2 To show that the basic data may readily be used to predict 
tower performance analytically by integration of the fundamental 
energy and material-balance equations, together with the mate- 
rial and thermal-convection transfer-rate equations. 


DESCRIPTION OF THE APPARATUS 


The tests were conducted on a mechanically induced draft, 


' Instructor in Mechanical Engineering, Stanford University, Palo 
Alto, Calif. Jun. A.S.M.E. 
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* Professor of Mechanical Engineering, University of California, 
Berkeley, Calif. Mem. A.S.M.E. 

Presented by the Heat Transfer Group in cooperation with the 
Power Division at the Semi-Annual Meeting San Francisco, Calif., 
July 10-15, 1939, of Tue American Society oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


41 


counterflow, packed cooling tower (1).‘ Figs. 1, 2, and 3, indi- 
cate the general experimental arrangement. In Fig. 4, an ideal- 
ized sketch of the tower reveals the type and distribution of the 
packing. The equipment and instruments were arranged so that 
over-all material and energy balances could be readily accom- 
plished. 

Water circulation during a run was maintained in a closed 
system; the water from the tower basin was pumped through a 
shell-and-tube-type heat exchanger back to the tower distribut- 
ing main. A calibrated orifice in the line to the tower was 
used to meter the water rate. The rate of change of basin water 
level with respect to time, as indicated by point-gage readings, 
served to determine the tower evaporation rate. 

Water distribution within the tower was provided by a 3-in- 
inside-diam redwood-pipe distributing main, running perpendicu- 
lar to the packing length. Diametrically opposed holes on the 
horizontal plane, as indicated in Fig. 4, directed the water jets 
to the grooved top-flat of the distributing deck, which served 
further to spread the water over the tower cross section. Only 
the distributing deck was provided with grooved top-flats. 

A calibrated nozzle located downstream from the fan discharge 
yielded the necessary air-rate information. The nozzle loca- 
tion is indicated in Fig. 1, and Fig. 3 reveals the nozzle details. 
Air-flow control was obtained for runs 1 to 6 and 28 to 60, 
Table 1, by varying the voltage to the compound-wound direct- 
current fan motor, while for the other runs an a-c motor drive 
with damper control was used. The power supplied to the fan 
motor was measured by means of a wattmeter. 

The cooling-tower water was heated by a shell-and-tube-type 
exchanger with steam as the heating medium in the shell. The 
rate of heat exchange was controlled by throttling the steam to a 
constant indicated gage pressure on the high side of a small orifice 
in the inlet line. 

Calibrated thermocouple and thermopile arrangements were 
used to measure temperatures. These were: 


1 Water temperature into the tower; by means of 2 four- 
couple thermopiles with distributed junctions. 

2 Water temperatures in the tower basin; by means of 2 
four-couple thermopiles with distributed junctions. 

3 Temperatures of the air into the tower, wet and dry bulb; 
by means of single junctions located at both entrances. 

4 Temperatures of the air out of the tower, after passing 
through the fan, wet and dry bulb; by means of single junctions 
located at the air-nozzle outlet. 


NOMENCLATURE 


packing area per unit packed-tower volume, sq ft per cu 
ft 


c = unit heat capacity of liquid water, Btu per deg F per lb 
d( ) = notation indicating a differential quantity 

e = base of natural logarithms 

Sf. = over-all unit thermal conductance for convection, Btu 


per sq ft per deg F per hr 
4 Numbers in parentheses refer to the Bibliography. 
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unit film conductance for convection, air side of inter- 
face, Btu per sq ft per deg F per hr 

unit film conductance for convection, water side of 
interface, Btu per sq ft per deg F per hr 

over-all unit conductance for diffusion, lb per hr per sq ft 
per (lb/Ib) 

unit film conductance for diffusion, lb per hr per sq ft 
per (lb/Ib) air side of interface 

notation indicating a functional relation 

acceleration due to gravity, ft per hr per hr 

latent-heat vaporization of water at 32 F, Btu per lb 
water 

air-vapor-mixture enthalpy, Btu per lb dry air (32 F 

datum), h = Hh,, + s(t — 32) 

air-vapor-mixture enthalpy saturated at temperature 
T, Btu per lb dry air (32 F datum), h; = Hth,, + 
s(t — 32) 

mean-effective-enthalpy potential difference for energy 
transfer between phases Btu per lb dry air 

dry-air flow rate, lb dry air per hr 

air humidity, lb of water vapor per lb of bone-dry air 

interface humidity, assumed saturated at tempera- 
ture 7, lb water vapor per lb of bone-dry air 

mean-effective-humidity potential difference for diffu- 
sion, lb per Ib 

dimensionless coefficient 

height of tower packing, ft 

liquid water flow rate through the tower, lb per hr 

exponent 

difference of over-all unit resistance and gas-film unit 
resistance for diffusion (hr ft? lb/Ib) per lb 

unit heat capacity of the air-water-vapor mixture at 
constant pressure, Btu per deg F per lb; s = 0.24 + 
0.45 H 

average cross-section area of air flow, sq ft 

air-main-body temperature, deg F 

air-main-body wet-bulb temperature, deg F 

mean-effective-temperature potential difference for 

convection, deg F 
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it = water-main body temperature, deg F 

u = wetted perimeter of packing cross section in the direc- 
tion of the air flow, including trailing edge, ft 

Vv = tower volume occupied by packing, cu ft 

A = (delta) indicates an average potential difference, 
generally the logarithmic mean of the terminal 
potentials 

Mm = (mu) absolute viscosity of air mixture, lb per hr per sq 
ft 


= = denotes sensible equivalence 
Dimensionless Variables 


€), = (epsilon) tower effectiveness as an energy exchanger = 


— ha) 
G(hir — he) 
€. = (epsilon) tower performance as a liquid cooler = 
(Ti — 
(T, — twee) 
n = (eta) fraction of packing-surface area, wetted by the 
flowing water 
Gu 
Re = Reynolds’ number for the packing shape, ss : 
gu 
aV 
fos ~ = number of transfer units 
Subscripts 


1 denotes tower conditions at water entrance and air exit 
2 denotes tower conditions at water exit and air entrance 
c denotes cooler and thermal convection 

D denotes diffusion 

h denotes energy (enthalpy) exchange 

2 denotes interface conditions 

L denotes liquid side 


SUMMARY OF EXPERIMENTAL RESULTS 


The range of variables included in the test agenda were: 
1 Water rates L, from 3600 to 12,600 lb per hr, which corre- 
spond to rates of 8.6 to 30 lb per hr per sq ft of packing surface. 


Fig. 1 Fig. 2 Fig. 3 


Fig. 1 View or Tower, SHOwinG GENERAL ARRANGEMENT AND Location OF Atr-METERING NOZZLE 


Fic. 2. View or Tower Basin, SHOWING LocaTION OF WELL FOR PoinT-GAGE MEASUREMENTS OF Basin WaTeR LEVEL, AND Post- 
TION OF PsYCHROMETER, MEASURING STATE OF AIR ENTERING TOWER 


Fig. 3. or 8-In. Nozzie, SHow1ne Pitot Usep For CALIBRATION, AND ARRANGEMENT OF PSYCHROMETER 


FOR DETERMINING STATE OF AIR LEAVING TOWER 
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2 Dry-air rates G, from 2880 to 10,200 lb per hr of dry air, 
giving mass velocities ranging from 520 to 1840 lb per hr per sq 
ft of average-flow cross section. 

3 Entering-water temperatures 7',, from 80 to 103 F. 

4 Air dry-bulb temperatures entering the tower t, from 61 to 
76 F; and wet-bulb temperatures twa, of 56 to 66 F. 

5 Air absolute humidities entering the tower H2, from 0.008 to 
0.013 lb water vapor per lb of bone-dry air. 

The steady-state test data Table 1, are tabulated in columns 1 
through 9 and column 15. The Bulkeley psychrometric chart was 
used to determine the air humidities, which are entered as col- 
umns 10 and 11. The Keenan steam tables, together with the 
perfect-gas law, were used to compute the saturated humidities 
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Fic. 4 Scuematic D1aAGRAM OF PAcKED, COUNTERFLOW, INDUCED- 
Drartr Cootinc TOWER AND DETAILS OF UsED 


(Critical dimensions of the system are: Packing cross-section periphery, 
0.525 ft; packing cross-section periphery, including dotted trailing edge, 
u = 0.607 ft; effective packing length, 2.67 ft; average packing area per deck, 
19 sq ft, using 0.525-ft periphery; total packing area, aV = 418 sq ft, using 
the 0.525-ft gs eg number of decks, 22; height of packed-tower seo- 
tion, 5.75 ft; column cross-section area, 7.6 sq ft; mean cross-section area 
with respect to air flow, S = 5.5 8q ~ ~~ of free fall of drops, 0.302 ft 
per deck. 


corresponding to the water temperatures 7, and 7, columns 12 
and 13 (2). No corrections were made for the variations in 
atmospheric pressure for, at the approximate sea-level conditions 
at the University of California in Berkeley, observations of the 
barometer indicated negligible deviations from the standard 
atmosphere. It is believed that the foregoing procedure results 
in humidities within 2 per cent of the values obtainable from 
more precise methods of calculation, which is within the accu- 
racy of the wet- and dry-junction data. 

The accuracy of the experimental results is revealed by the 
over-all material and energy balances, columns 14 and 16 in 
Table 1. The average magnitudes of both of these indicated 
differences are about 4 per cent. 


Conductances for Thermal Convection and Mass Transfer 


Unit over-all conductances for thermal convection and mate- 
rial transfer were computed, employing logarithmic-mean tem- 
perature and humidity potentials, corresponding to the terminal 
data. Interface conditions were assumed as saturated at the 
main-body-water temperature. This assumption yields over-all 
magnitudes of the conductances because there is some resistance 
to heat transfer in the water film and, as a consequence, the 
actual interface temperature is lower than the main-body-water 
temperature. 

Use of mean potentials based on the logarithmic mean of the 
terminal values is exact if the variation of air-water-vapor-mix- 
ture (gas) temperature ¢ is linear with T-t, and the humidity H 
varies linearly with H;-H. These conditions do not prevail in 
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the tower. However since the corresponding terminal differences 
are in the ratio of the order of 3 to 1 or less, it is believed that 
the logarithmic mean is a good approximation to the actual aver- 
age potential. 

The computed unit conductances are shown in Table 1, columns 
21 and 22. Average magnitudes for each air rate, with varying 
water rates equal to or greater than 17 lb per hr per sq ft referred 
to the packing area, together with the number of transfer units 
f,aV/G, are plotted in Figs. 5 and 6, as a function of Reynolds’ 
number and the air-mass velocity G/S, expressed as lb of dry air 
per hr per sq ft referred to the average-flow cross section. Mag- 
nitudes for water rates less than 17 lb per hr per sq ft of packing 
area are not used for at these rates incomplete wetting of the 
packing led to much smaller apparent magnitudes of the con- 
ductances. 

The equations defining the computed conductances are: 

Material transfer 


G (H, — M2) 
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Fig. 5 Vartation Wits Arr-Mass Ve AND REYNOLDS’ 
OF Unit ConpucTaNCES FOR MATERIAL AND HpaT TRANS- 
FER fp AND fe 
Experimentally determined fp 
Curve (b) Experimentally determined /- 
Curve (c) Experimentally determined afp 
Curve (d) fp’ = fc'/s based ated thermal-convection data of 
ughes (5) 
Curve (e) fp’ = fc'/s based on extrapolated thermal convection data of 
inding (6) 
(Each point represents the average of 4 runs at approximately the same 
air-mass velocity and in all cases at a water rate equal to or greater than 17 
Ib per hr per sq ft.) 
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Convective heat transfer 


In computing f,, the indicated gain in air sensible heat and the 
exit-air temperature were adjusted to account for the fan-motor 
input. 


Effectiveness of the Tower 


It was found that a plot of the dimensionless modulus 
e, = Lie (7; — 7)/G (hex — ha)... [8] 


as a function of the air-mass velocity G/S, or as a function of the 
number of transfer units fp aV/G, served to represent by a 
single curve the experimental data for water rates of 15 lb per 
hr per sq ft packing area and greater. An additional curve 
was required for each fixed water rate less than this value. The 
experimental effectivenesses ¢,, given in Table 1, column 17, are 
plotted in Fig. 7. 

If, as normally is the case, the cooling range is such that 
T: 5 twaa, then, Lic (7; — T:) = G (hi — he) and the effective- 
ness as now redefined becomes 


= G (hi — ha) /G (his — he) [4] 


That is, ¢, represents the ratio of actual tower energy ex°hange 
between phases to the energy exchange which would result, 
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Fic. 7 Resuirs oF TowER EFFECTIVENESS €;, AS 
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(The curves are the same as given by Equation [6] using the unit conduct- 


ance fp from curve [a] in 


ig. 5. 


where 7 represents the fraction of the packing area aV covered by 
the flowing water. 

An analysis of the experimental data on this basis, using the 
magnitudes of fp according to curve (a) Fig. 5, revealed a varia- 
tion of 7 with water rate as given in Fig. 8. For water rates be- 
low 15 lb per sq ft per hr of packing area, complete coverage is not 
obtained and, for (L/aV) = 8.6 lb per sq ft per hr, the fraction 
covered is only 71 per cent. 

The intercept of the straight-line extrapolation of the curve, 
representing the fraction of wetted area, shown in Fig. 8, is not 0, 
as might be expected, but rather about 0.40. This result is 
probably due to unequal water distribution to the two halves 
of the tower cross section from the distributing main, which was 
not under pressure, for the lower rates of flow. Such a condition 
may easily have been brought about by a slight rotation of the 
main on its axis, so as to make the horizontal line of radial dis- 
tributing holes on one side come at a higher elevation than the 
diametrically opposing holes, serving the other half of the tower 
cross section. In this light the extrapolated line should not 
be straight, but curved so as to have a 0 intercept as indicated in 
Fig. 8. 
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Fig. 8 Fraction OF WETTED PacKING AREA 7, AS A FUNCTION OF 
Water Rate per Unit Packine Arga, L/aV 


The dimensionless constant K of Equation [5] was determined 
from the experimental results to equal 1.40 for the range of water 
rates covered. The following magnitudes of 7 substituted in the 
empirical equation 


= 1—1.40e (6) 


yield the tower effectiveness as an energy exchanger for the 
various water rates: 


— ha) 
 G(hia— ha) 
Key 


L/aV |b per hr per sq ft 
referred to packing area 


30 lb per hr per sq ft 5 L/aV 5 15 lb per hr per sq ft; 7 = 1.00 


L/aV 
L/aV 
L/aV 


13.0 lb per hr per sq ft; 7 = 0.87 
10.8 Ib per hr per sq ft; 7 = 0.79 
8.6 lb per hr per sq ft; » = 0.71 


8.69 17.20 
10.84 22.00 
12.96 25.84 
15.1@ 30.0+ 


provided the discharge air was saturated at the temperature of 
the entering water. This modulus compares the performance 
of the actual tower as an energy exchanger to that of a counter- 
flow tower of infinite height and thus may be termed the effec- 
tiveness of the finite tower as an energy exchanger. 

A consideration of the effectiveness concept, as will be demon- 
strated later, leads to the conclusion that «, may be represented 
empirically by an exponential equation of the form 


These relations, Equation [6] and the above values of n, are 
plotted in Fig. 7, using the abscissa scales of air-mass velocity 
G/S, and also the number of transfer units fpaV/G. 

The usual definition of cooling-tower performance is based on 
the ratio of the actual cooling range (7, — T2) to the cooling 
range which would obtain were the water discharged from the 
tower at the entering-air wet-bulb temperature (7; — twa). 
These magnitudes of e, = (7; — T:)/(T: — twas) are listed in 
Table 1, column 18. It may be seen that, when the effectiveness 
of the tower as an energy exchanger is low, the tower perform- 
anee as a water cooler is high, and vice versa, that is, to a rough 
approximation 
— T:) 


(T; — twee) 


= 1 (approximately) 
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The tower effectiveness as an energy exchanger served to cor- 
relate the results more satisfactorily than the tower performance 
as a water cooler. As will be shown later, the use of «, is par- 
tially justified analytically. Further, if its effectiveness as an 
energy exchanger is known, the tower performance as a water 
cooler may be determined. Two restrictions apply to this 
calculation: 

(a) The water-carrying capacity of the air stream in the 
infinite exchanger must not exceed the water rate, that is 


which means that the water rate must be sufficiently large so 
that it will not suffer complete vaporization in the infinite tower. 

(b) Cooling cannot occur below the dynamic equilibrium 
temperature at the air intake, which is established when the 
thermal convective heating of the water is just equivalent to the 
evaporative cooling by mass transfer. This equilibrium tem- 
perature is essentially the entering-air wet-bulb temperature, 
that is 


Any additional energy exchange which occurs in the actual tower 
above the amount required for the cooling range (7; — twa») 
serves only to vaporize the water, reducing its enthalpy (Lc tw 2:2) 
but further temperature reduction does not result. 

Normal cooling-tower conditions are such that the operation 
is well within the limits defined by Equations [7] and [8]. 


Basic EquaTioNns 


The differential equations for the material and energy bal- 
ances and transfer rates will be stated for a perfectly insulated 
tower. For details of derivation the reader is referred to (2). 
The equations are written for a differential height of the packed 
section of the tower, corresponding to a differential volume dV 
and transfer area adV. 

The energy balance expresses the fact that the gain in air en- 
thalpy equals the loss in water enthalpy as the two streams 
pass counter to each other through the differential tower volume 
dV, that is 


d [Ic (T — 82)] = 
The material balance yields 


The rate of material transfer from the air-water interface to 
the main gas stream is, taking V as increasing when proceeding 
downward in the tower 


GdH = —f,' (adV)(H,’ — H)............{11] 


where f,’ is the unit film conductance for diffusion, defined on the 
basis of the humidity potential from the interface to the main gas 
stream (H,’ — H). 

The expression for the thermal-convection transfer from the 
interface to the gas stream is analogous to Equation [11] and may 
be written as 


Gsedt = (adV) (t;—12)............. [12] 


where f,’ is the unit thermal conductance for thermal convection. 

Another equation is required to express the rate of heat transfer 
between the main body of the water at temperature 7 and the 
interface at temperature t;. This relation is 


d (Le (T — 32)] = —f’., (adV) (T —t,).......... [13] 
In addition to Equations [9] to [13], inclusive, a basic postulate 
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usually made to relate the interface humidity and temperature is 


If over-all conductances f, and f, defined on the basis of the 
potentials (7’ — t) and (H; — H), respectively, are used the 
necessity for Equations [13] and [14] vanishes and the rate Equa- 
tions [11] and [12] are replaced by 


G dH = —fp (adV) (H;— H)....... 


Unir ConDuUCTANCES 


| 


- 


Unit conductances revealed in Fig. 5 are average over-all 
values. Since the packing shapes are staggered, at any tower 
deck approximately half the water rate will be in drop form. 
However, the drops for the most part were observed to possess 
relatively large diameters so that, even at water rates of 35 |b 
per hr per sq ft of packing surface, assuming a spherical drop 
diameter of 0.01 ft, the drop surface area would be about 6 per 
cent of the packing area. Also, since the results shown in Figs. 
5 and 6 did not indicate any trend of f, with water rate, if com- 
puted on the basis of a constant packing area of 418 sq ft, it was 
concluded that the effect of drop area was sufficiently small to be 
neglected. 

The unit over-all diffusion resistance 1/f, is the sum of the gas- 
film resistance 1/f,’, and an equivalent unit water-film resistance 
Rp,, introduced because f, was based on H, corresponding to the 
main-body-water temperature 7’, rather than on the interface 
temperature ¢;. 

The data on which Figs. 5 and 6 were based reveal no trend of 
fp with water rate for a given air rate. This fact tends to indi- 
cate a constant value of Rp, with both air and water rates for, 
if the water-film resistance changes at all, it would be expected 
to change with water rate, and possibly also with the temperature 
conditions. 

The presumption that f;,’ varies as a power of G is reasonable 
and, since Fig. 5 also indicates that fp varies as G", it follows 
that the magnitude of Rp, must be comparatively small if it is 
to remain constant as concluded. 

There is some experimental evidence to the effect that mass- 
transfer coefficients vary as a power function of Reynolds’ num- 
ber in the same manner as do heat-transfer coefficients for similar 
flow systems (3, 4). Thermal convection data of Hughes (5) 
for a single streamlined shape, considerably more slender than the 
tower packing, indicated an exponent n = 0.68. The more 
recent data of Winding (6) for a bank of streamlined tubes 
yielded a value of n = 0.42. The slenderness ratio of the tube 
form used by Winding corresponded more closely with the tower 
packing than that of the shape used by Hughes. Thus the data 
of Winding appear to ke more representative of the cooling-tower 
system under consideration in this paper, and the exponent 0.42 
compares favorably with the slope of the unit conductance for 
mass transfer In fp versus In G/S, curve Fig. 5, namely, 0.48. 

The assumption of a constant liquid-unit resistance Rp,, equal 
to 10 per cent of the total unit resistance 1/f, at a mean value of 
G/S = 980 lb per hr per sq ft, results in a unit thermal conduct 
ance fp, varying exponentially with the 0.55 power of the Reyn- 
olds number. This magnitude appears high in comparison wit! 
the n = 0.42 from the data of Winding. The above assumption 
of the magnitude of Rp, also results in a logarithmic plot of /; 
versus G, which possesses a slight curvature. This fact together 
with the larger average slope suggests that the water-film re- 
sistance is probably less than 10 per cent of the total. 

The foregoing reasoning is not offered as conclusive proof 0! 
the comparatively small magnitude of the water-film resistance, 
but rather as an indication of its possible magnitude. 
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> is Considerable experimental evidence, obtained in part from _ sults in less than a 4 per cent error in the total energy exchange. 
4} psychrometric experiments (3), supports the Lewis equation — If then, for the air-water system 
o* for the air-water system only. The previously mentioned ther- without any significant inaccuracy with respect to energy ex- 
mal film convection data of Hughes (5) and Winding (6) are com- — change, considerable simplification of the basic equations is pos- 
pared with the experimental over-all diffusion data from the — sible. On this basis the rate Equations [15] and [16] combine 
15 tower in Fig. 5, curves (d) and (e). Since the range of Reynolds’ with the energy-balance Equation [9] to yield 
numbers for which the aforesaid data were given did not corre- 
spond to the tower values, a straight-line extrapolation of the (T — 32)] = Gah = —Jp (a (h, — A)... . (19) 
logarithmic plot was used to determine the thermal unit film This equation expresses the fact that the enthalpy difference 
call conductance f,’ over the desired range. The magnitudes so ob- (h; — h) of air saturated at the main-body-water temperature 
iid tained were divided by the average air-mixture unit heat capacity 7 and the unsaturated main air stream is the potential for 
i. s = 0.25 Btu per F per Ib yielding the estimated unit film con- energy exchange between phases; and f, may be considered as 
ae ductance for mass transfer fp’. As may be seen from Fig. 5, the unit over-all conductance for this energy transfer. Equation 
Ib curves (d) and (e) show agreement of about 10 per cent with the [19] is not quite correct in that, when the potential is 0, thermo- 
rop experimental fp, curve (a). This comparison is good in view of dynamic equilibrium is not attained, for the liquid-water tem- 
per the assumption made with respect to the magnitude of the perature is less than the dynamic-equilibrium wet-bulb tempera- 
igs. perimeter used in Reynolds’ number Re, and the fact that the — ture (2). As a result, the water temperature will tend to rise 
veal data of Hughes refers to a single shape rather than to staggered — even though the net enthalpy transfer between phases is 0 at the 
wee banks. 0 potential state. The temperature rise will continue until the 
wie Curves (b) and (¢) of Fig. 5 reveal a comparison of the experi- — wet-bulb temperature is reached. At this condition, a positive 
mentally determined unit thermal conductances f,, with the potential exists for which the enthalpy transfer from the liquid 
_— product of the mixture unit heat capacity s and the experi- phase by evaporation exceeds the enthalpy transfer to the liquid 
a mental unit mass-transfer conductance Fn As may be seen the phase, as a result of thermal convection, by the magnitude of the 
the agreement is good at the lower air-mass velocities, but at G/S = enthalpy of the liquid being evaporated. 
face 1800 Ib per hr per sq ft, sfp is 40 per cent greater than f.. An For normal cooling-tower operation ¢(7 —- 32) dL is about 
explanation of this difference may rest on the premise that small 3 to94 per cent of LedT and, since c is constant, Equation [19], as a 
dof drops formed by splash are maintained or carried along by the — good approximation, may be written in the form 
| air stream and suffer complete vaporization. 
for, The unit over-all conductance f. for thermal convection LcdT =Gdh = —fp (adV) (h; —h)........ [20] 
was computed subject to the assumption that the air-stream 
ai sensible-heat gain resulted from convection cooling of the main This equation may be integrated if fp = constant to yield 
water body only. Thus the computed f, may be considered Ts hs . 
‘able an apparent value. As the complete vaporization of small drops f dT ~ dh 
“wen requires the absorption of part of the sensible heat of the air G Jr, (hk; —h) hy (h; —h) G 
it is stream, the net gain in sensible heat is less than the thermally : , : ; 
convected transfer from the main water body, resulting in an ap- Equation [21] corresponds ™ ith the form of the equation defining 
mal parent f, smaller than the actual. number of transfer units (2, 3, ), a concept used in the 
The small drop vaporization does not contribute to the co dling extraction tow over-all values 
nilar of the main water body, but merely changes the enthalpy dis- of the a. nt ‘a a panmanipe unit for the particular packing arrange- 
3 (3 air as to the ment used in the tower are then 
th,,H, at the expense of the sensible-heat rate, Gs (¢ 32). 
— In effect, while the apparent unit conductance for heat transfer HTU = UGpeV/@)....... - - [22] 
sites f. is less than the true value, fp, as computed is greater than its where l is the height of tower packing, 5.75 ft. 
ala true magnitude. . However, as may be seen from lable 1, if Table 1, column 24, lists the over-all values of the height of 
nad small drop vaporization results, at the higher air rates, in a re- the tower transfer units, as computed from the experimental fp. 
‘ae duction of the air sensible-heat rate by about 4000 Btu per hr, Fig. 6 summarizes the number of transfer units as based on aver- 
bower the true fp would be only about 5 per cent less than the com- age values of fp at each air rate for those water rates sufficient to 
0.42 puted values, whereas the true f. would be 30 to 50 per cent provide complete packing coverage. 
vo tes greater than the apparent magnitudes, which is comparable to the It is seen, since f, varies with the 0.48 power of the air-mass 
’ product (sf). ere velocity, that the variation of HTU must be as the 0.52 power - 
ouil The curves (b) and (c) of Fig. 5 indicate that the suggested of G/S. Many of the data for gas-liquid systems, in which the 
“te effect of small drop vaporization increases with air rate, as shown gas-film resistance controls, correlate on the basis of the 0.8 
rari by increasing difference between the f, and sf, curve ordinates. power of gas-mass velocity or packing Reynolds number (3, 7, 8), 
es Further, at the low air-mass velocity of 530 lb per hr per sq ft, rather than the 0.48 power as obtained for the packing used 
with : J. is slightly greater than sfp. At this rate, however, some jp the tower tested. This difference probably lies in the nature 
yption fogging was apparent in the air stream issuing from the nozzle, of the gas flow over a streamlined shape as compared to the flow 
of fi t and thus small drop condensation may serve completely to over- — over packings such as spiral tile, wood grid, broken quartz, and 
gether F Come the effect of small drop vaporization on the sensible-heat coke for which the 0.8 exponent was obtained. As is seen from 
m re f Content of the air stream, and subsequently on the apparent unit Fig. 5, available thermal-convection data confirm the 0.48 ex- 
_ conductance for thermal convection. ponent provided fp = f.’/s. 
oof of cooling-tower operation thermal convection accounts 
tance, | for not more than 20 per cent of the energy transferred between EFFECTIVENESS OF TOWER AS AN ENERGY EXCHANGER 


phases, Thus an error of 20 per cent in the magnitude of f, re- If the water rate is infinite so that the water temperature 7 
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remains constant, then the enthalpy at saturation A, is constant 
and Equation [21] may be integrated, yielding 


(hy — hi) — he) = 
or 


= =1l—eSpev/G ......[23 
€, G (h; — ha) [ ] 


The right-hand side of Equation [23] expresses the ratio of the 
gain in enthalpy rate G (hi — hz) of the air stream to the gain 
which would result in an infinite tower G (h; — h,), for which 
the air would leave saturated at the entering-water condition. 
Since enthalpy changes represent the energy exchange between 
phases for the constant-pressure continuous-flow-tower system, 
this ratio is the tower effectiveness as an energy exchanger for 
the condition of constant water temperature 7’. 

In the actual tower 7 is not constant but tends to approach 
the entering-air condition while descending over the packing. 
The degree of approach depends upon the potential for energy ex- 
change and the water rate. Equation [23] suggests the form 
of an empirical expression which conforms to the experimental 
data of the actual tower. This form is given by Equation [5] 
and the empirically determined constants are as expressed by 
Equation [6]. For the experimental water rates, which resulted 
in complete packing coverage, Equation [6] is 


The coefficient 1.40 of this expression should not be constant 
but should be some function of the variation in water tempera- 
ture throughout the tower, for in Equation [23], for constant 
water temperature, the magnitude is 1. The experimental data 
(see Fig. 7) are apparently of insufficient precision to reveal this 
variation in ¢,. However, the magnitudes of the effectiveness 
are not sensitive to the value of the multiplier K. For instance, 
for 7 = 1, the variation of «, about a mean of 0.50 is only ap- 
proximately 7 per cent for 1.3 < K < 1.5. 

This consideration indicates that a single curve of effectiveness 
versus air-mass velocity (see Fig. 7 or Equation [24]) will serve 
as a performance characteristic for the tower within a limited 
operating range of water rates. The restrictions in the use of 
such a performance curve are expressed by Equations [7] and [8], 
and the additional fact that the water rate must be at least suf- 
ficient to give complete packing coverage. 

With packing shapes which result in fp, varying as the 0.8 
power of the air-mass velocity, the variation of the number of 
transfer units would be to the —0.2 power of the air-mass veloc- 
ity. As a consequence, a tower so packed would have an effec- 
tiveness as an energy exchanger whieh would not change greatly 
with air rate. For instance a threefold increase in air rate 
would result in but a 25 per cent decrease in effectiveness, «, for 
an initial value of e, = 0.5. 


ANALYTICAL PREDICTION OF TOWER PERFORMANCE 


The basic Equations [9] and [10], expressing energy and mate- 
rial balances, and the rate Equations [15] and [16], together with 
a knowledge of aV, fp, f., c, and s will allow a prediction of 
tower performance for a given set of operating conditions. The 
solution may be accomplished in the form of a step integration, 
but such a procedure involves considerable labor. However, a 
proper algebraic combination of the equations mentioned, in- 
cluding the approximation f, = sfp, results in the expression 


Ti 
dT aV 
1 
By plotting F(T) as a function of T starting at one terminal 
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value, say 7’, a trial-and-error solution for 7, may be made 
which will give an area under the curve equal to the number of 
towertransfer units at the given air rate fp aV/G. This magni- 
tude of 7, establishes the tower-cooling range for the chosen 
operating conditions. The indicated integration can also be 
accomplished numerically. 

Equation [25] was derived as follows: The energy-balance 
Equation [9] may be written, to a good approximation, as 


Integration from T; to T yields 


Then upon substitution into Equation [21], which combines 
the two rate Equations [15] and [16], the result may be expressed 
as 

Ti 


G 
T: he 


a7 al’ 
= D “oe 26 


(hy — ha) — (T — 


Since 
h; = s(T — 32) + ly, Hy 


is a function of 7 only and h, is constant for a chosen entering-air 
condition, Equation [26] is of the form of Equation [25] where 


1c 


The integration of Equation [26] in the manner described was 
performed for chosen magnitudes of air and water rates 1, and G, 
entering-air state and and exit-water temperature 7. The 
appropriate magnitudes of the number of transfer units fp aV/G@ 
were taken from Fig. 6, corresponding to the chosen value of air- 
mass velocity. No allowance was made for drop cooling for 
reasons previously mentioned. Table 2 and Fig. 9 summarize 
these computations made for water rates, L/aV of 17.2 and 34.4 
lb per hr per sq ft referred to the packing area, for sir-maas 
velocities, G/S, of 655, 1310, and 1865 lb per hr per sq ft re- 
ferred to the flow cross section, and various initial air states and 
exit-water temperatures. 
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Fig. 9 ANALYTICALLY PREDICTED Com 
PARED TO EMPIRICAL EQuaTiIon [24], REPRESENTING THE EXPERI- 
MENTAL RESULTS 
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L/aV T: °F t; °F H: 
17.2 75 70 0.010 
34.4 75 70 0.01@ 
34.4 80 70 0.01+ 
34.4 85 70 
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TABLE 2 COMPUTED TOWER PERFORMANCE BASED ON EQUATION [26] 
(Unit conductances for diffusion taken from Fig. 5. Data for Fig. 9) 
Comparison of fp 

Lav, operating conditions lan 
Ib per lb per used mean Ah Dif- 
hr per hr per T:, te, — T2), _Tb/hr_ ference, 
sq ft sq ft deg deg lb per lb deg F th ft? lb/lb ft? lb/lb per cent 
17.2 655 75.0 70.0 0.01 5.61 0.705 13.48 13.4 —0.6 
17.2 1310 75.0 70.0 0.01 11.6 0.51 18.9 18.7 —1.1 
17.2 1960 75.0 70.0 0 Ol 18.0 0.385 22.8 21.7 —4.8 
34.4 655 75.0 70.0 0.01 2.36 0.74 13.48 13.0 —3.6 
34.4 1310 75.0 70.0 0.01 4.38 0.59 18.9 18.9 0.0 
34.4 1960 75.0 70.0 0.01 6.18 0.50 2.8 22.8 0.0 
34.4 655 80.0 70.0 0.01 3.54 0.745 13.48 13.4 —0.6 
34.4 1310 80.0 70.0 0.01 6.62 0.58 18.9 18.8 -0.5 
34.4 1960 80.0 70.0 0.01 9.57 0.485 22.8 22.9 +0.1 
34.4 655 85.0 70.0 0.01 4.94 0.735 13.48 13.43 —0.4 
34.4 1310 85.0 70.0 0.01 9.4 0.565 18.9 18.6 —1.6 
34.4 1960 85.0 70.0 0.01 13.8 0.455 22.8 22.2 —2.6 
S = Os sq ft. 

aV = 418 sq ft. 

The comparison shown in Fig. 9 confirms the previous con- while not exact, is justified as a good approximation. This 


clusion that the constant K of Equation [5] depends upon the 
variation of water temperature 7', which in turn is a function of 
the water rate and driving potential. At the higher water rates, 
the water temperature changes less than for the lower water rates 
with the same terminal potential at the water-exit section. 
Thus, as a consequence, the effectiveness ¢,, is higher, approach- 
ing the value pertaining to a constant water temperature, Equa- 
tion [23]. With an increase in enthalpy potential, as obtained 
by decreasing either or both ¢, and H;, or increasing 7':, the water- 
temperature variation is greater (for a given water rate) and the 
effectiveness is thereby reduced, approaching the magnitude 
given by Equation [24]. 

A value of K = 1.25 in Equation [5] (7 = 1) results in an em- 
pirical expression adequately representing the predicted perform- 
ance for the higher water rate, while K 1.5 is required for 
L/aV = 17.2 lb per hr per sq ft. 

If the logarithmic mean of the enthalpy terminal potentials, Ah, 
serves to approximate the average potential with respect to 
energy exchange between phases, then a further simplification in 
predicting cooling-tower performance is possible, for Equation 
[21] may be integrated, yielding 


Ah 


The prediction of the tower performance as an energy exchanger 
is then strictly analogous to the computation for a counterflow 
heat exchanger for which flow conditions and terminal states 
at either section 1 or section 2 are chosen. For instance, the fol- 
lowing is a computation procedure which may be used: 


(a) Choose ha, T2, G, and Ih. 

(6) Determine fp, and hence fp, aV/G from the flow condi- 
tions, 

(c) Estimate hy. 

(2) Compute h,: corresponding to 7 as determined from the 


energy-balance equation 


Le (7; — T:) + (In — Ly) (17: — 32) = — hr) = 


Lie(T, — T2) 
(e) Compute the logarithmic mean 
— hi) 
Ah = — In) — (his — ha) I/loge 


(f) Substitute Ah in Equation [28] to verify the initial as- 
sumption of h;. If this value does not result in an identity repeat 
the procedure with a new estimate of fi. 

(9) On establishing h; for the given conditions the energy ex- 
change between phases is G (hy — ha). 


The use of the logarithmic mean of the terminal potentials, 


conclusion may be verified by comparing the enthalpy conduct- 
ances fp, employed in the graphical integratioz Equation [26], 
with fp computed from the logarithmic-mean terminal poten- 
tials, using the predicted conditions at section 1. The compari- 
son, as outlined, was made for the conditions given in Table 2 
and is indicated in the last three columns. As may be seen, the 
agreement for the most part is well within 3 per cent. 


CoNCLUSIONS 

On the basis of the experimental results and the foregoing 
analysis, the following conclusions may be drawn: 

1 For the cooling-tower air-water system in which the gas 
film presents the controlling resistance, over-all conductances 
for diffusion may be estimated from film conductances for ther- 
mal convection obtained from similar flow systems. 

2 The correlation of tower effectiveness, as an energy ex- 
changer versus air rate (or the number of transfer units), may be 
used as a performance curve for approximating either energy 
exchange or tower cooling. However, the application of a single 
curve is restricted to a limited operating range of water rates. 

3 The basic transfer equations are simplified by the intro- 
duction of the approximation f, = sfp. Any error so intro- 
duced is not significant with respect to energy exchange in nor- 
mal cooling-tower operation. This simplification results in an 
energy-transfer-rate equation, which uses as a potential the en- 
thalpy difference between the main gas stream and saturated-air 
conditions at the main-water-body temperature. The equation 
so obtained may be readily integrated by graphical or numerical 
methods allowing a prediction of tower performance, providing 

is known. 

4 The use of a logarithmic-mean enthalpy potential, based on 
terminal states, is a good approximation to the actual average 
with respect to energy exchange. This fact allows further sim- 
plification of performance calculations, the resultant procedure 
being analogous to the method now in general use for predicting 
counterflow heat-exchanger behavior. 


the number of transfer units, fp 
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Quantitative Analysis of Single-Capacity 
Processes 


By ALBERT F. SPITZGLASS,! CHICAGO, ILL. 


This paper is a continuation of a previous one’ in which 
the author gave methods of quantitative analysis for five 
types of single-capacity processes with three types of 
regulators. The present paper analyzes and compares 
the various equations obtained in the previous paper and 
lays the basis for critical analysis of the entire subject. 

Concrete examples are utilized as a basis for the graphi- 
cal analysis to complement the mathematical analysis. 
A number of criteria are discussed critically to emphasize 
the importance of each, and examples are cited to indicate 
the light that each of the criteria is capable of shedding 
on the entire problem. Derivations and solutions of im- 
portant factors are given in an Appendix. 


N THE author’s previous paper? on the same subject, “‘single- 
capacity systems”’ were discussed together with the “hydrau- 
lic analogy” for continuous processes. To review, a single- 

capacity system consists of a single storage of energy, bounded 
by two resistances to flow of energy and characterized by a single 
potential level. It has the unique characteristic that any change 
in supply or demand immediately causes a measurable change in 
the potential level. Three basic types of regulators were con- 
sidered and equations were derived to characterize the reaction 
of various combinations of these regulators and single-capacity 
processes to a “standard sudden disturbance.”” The equations 


, describing these reactions were tabulated and in general it was 


shown that these reactions depend on (a) the mechanical con- 
stants of the regulators, and (b) the physical constants of the 
process such as its reaction time and the degree of self-regulation. 

In this present paper the solution of the afore-mentioned equa- 
tions will be considered and with the aid of concrete numerical 
examples certain general conclusions will be drawn. It is im- 
portant to keep in mind the limiting assumptions made in the 
previous paper, so that the results herein described will not be 
generalized beyond their legitimate scope. 


Score oF THE MATHEMATICAL SOLUTIONS TO BE StuDIED 


The reaction equations in the previous paper? were expressed 

_ as differential equations of the first, second, and third order. 
- This present paper deals only with the solution of equations of 
the first and second order, and excludes, therefore, certain com- 
 binations of floating-plus-proportional regulators even though 


_ combined with single-capacity processes. 


The nomenclature given in the previous paper is repeated 
Consulting Engineer, Hubbard Engineering Co. Mem. A.S.M.E. 
_ Mr. Spitzglass was graduated with an E.E. degree from Rensselaer 
Until 1937 he was vice-president in 
_ charge of engineering and research of Republic Flow Meters Com- 
pany, Chicago, III. 


*“Quantitative Analysis of Single-Capacity Processes,’ by A. F. 


4 Spitzglass, Trans. A.S.M.E., vol. 60, November, 1938, paper PRO- 
| 60-9, pp. 665-674. 


' _ Contributed by the Committee on Industrial Instruments and 
Regulators of the Process Industries Division and presented at the 
_ Annual Meeting, New York, N. Y., December 5-9, 1938, of THE 
_ American SocreTy oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be under- 
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Society. 


here in Table 1 for convenience, but a column is added to show 
the equivalent symbols used by Mason.* Mason’s work is 
concerned mainly with multiple-capacity processes and if accu- 
rate substitution of equivalent terms is made, exact mathematical 
agreement between Mason’s and the author’s equations will 
result. Note that Mason does not bring in the concept of load 
z or of the initial flow condition Q. This is not the result of any 
conflict of theory, but results merely from his using purely quan- 
titative units for flow equations instead of dimensionless ratios. 
There are certain special cases of proportional-plus-floating 
regulators with single-capacity processes which can be expressed 
as second-order differential equations. The most important 


TABLE 1 NOMENCLATURE 
Dimensionless units: 
Spitzglass Mason 
y = = (per cent pilot-valve opening) /100 
6 = gmax = deviation corresponding to full pilot-valve 
opening 
= @ 
= (spring force for full stroke)/h: 
uw = <Ad/dmax = (per cent deviation of valve area) /100 
= Ah/h: = (per cent deviation)/100.. Tao 
0 
op = value attained by ¢ if process be silent’ to reach m 
0 
= Ah/h, = (ho/hi) = (per cent deviation)/100 with 
respect to equilibrium value of hi 
= equilibrium value of = ¢p(h2/hi) 
qa = AQ/Q = (per cent initial change in Q)/100....... = Qs — Qao 
Qao 
r = he/h 
z = (per cent load)/100 = Q/Qmax = d/dmax........... Qa» 
— Qmax 
du de d*% 
Time factors, sec: 
Spitzglass Mason 
Ta = reaction time at full-load flow.. = 2 Aa Ra 
= reaction time at existing = Aa Ra 
T; = traversing time of regulator (corresponding to ¢ = 5) 
Ty = reset time of floating component for full stroke of pis- 
ton relative to dashpot (when ¢ = 6) 
Quantitative units: 
Mason 
Units 
Hydraulic temperature 
Definition analogy Symbol system 
A = capacity between sup- 
ply and discharge re- 
sistance sq ft Aa Btu/deg F 
Q = flow rate at equilibrium 
valve position cu ft/sec Qao Btu/min 
Qmax = Q at full valve opening cu ft/sec 
R = 1/dp = discharge re- 
sistance factor sec/sq ft Ra min deg F/Btu 
Rs = 1/d = supply resistance 
factor sec/sq ft 
t = time after sudden dis- 
turbance sec t min 
hi = differential across sup- 
ly valve ft 
ha = differential across dis- 
charge valve ft Tao deg F 
Ah = deviation in hz: at any 
time ¢ (measured by 
regulator - measured 
variable) Ta—Ta deg F 
d = regulator-valve opening 
area factor (supply) sq ft/sec Btu/see deg F 
dD = discharge opening area 
factor sq ft/sec Btu/see deg F 


3 ‘Quantitative Analysis of Process Lags,’’ by C. E. Mason, Trans. 
A.S.M.E., vol. 60, 1938, paper PRO-60-1, pp. 327-334. 
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special case is that based on the assumption that the regulator 
traversing time 7, is negligible as compared to the other time 
factors involved. A glance at the equations in Table 9 of the 
previous paper? shows that the coefficients of the third-order 
term always include as a factor, 7,; therefore, when this is a 
negligible factor, the third-order term drops out entirely. This 
leaves a second-order equation which could be analyzed with the 
direct methods of solution. This equation 


is important, but not of sufficient significance to warrant separate 
consideration; therefore, the entire critical analysis of floating- 
plus-proportional regulated systems must be reserved until the 
subject can be treated in its entirety. 


THE SOLUTION oF THIRD- AND HIGHER-ORDER EQUATIONS 


Mason? has suggested an extension of the hydraulic analogy 
which the author feels offers the best solution for this type of 
third-order equation as well as equations of still higher order. 
Instead of considering these time factors as elements of the regu- 
lator equation, they are included as elements of the process and 
the regulator is assumed to perform its functions instantaneously. 
A single-capacity process analyzed this way becomes a multiple- 
capacity process, and it actually makes no difference whether 
these reaction times or ‘‘time lags” are introduced by the process 
or the regulator. 

This method of analysis might have been used on the propor- 
tional regulator in connection with single-capacity processes. 
This would give a first-order equation for all such single-capacity 
processes and there would be no stability problem to consider. 
However, since the proportional regulator is frequently used on 
single-capacity processes of low natural period, the traversing 
time T, too often plays a very significant role; therefore, the 
form in which the equation is considered by the author represents 
a very important class of process. Since this can be analyzed by 
direct solution it is included in this analysis. At a later time, 
when all modes of solutions have been publicized, it will be easier 
to decide which of the two methods is the more logical approach 
to the solution of regulation equations. 

The following combined regulator and process equations, de- 
rived in the author’s previous paper,? will be discussed in detail. 

Processes Without Self-Regulation: 


Floating 
” 1 
Proportional 
"+ + = 0 [3] 
Processes With Self-Regulation: 
Floating 
ze, 1 
¢ + .. [4] 
Proportional 
‘ ze 6 1 
+ (= + +) ¢’ + rT, [5] 


These equations all take the general form 


Note that the coefficient c, of the previous paper has been re- 


placed by 2c. This change was made for convenience since this 
coefficient always appears as ¢,/2 in the solutions. It is obvious 
that the entire characteristics of the equation and oscillation 
depend on the values of ¢ often referred to as the “damping 
coefficient,” and co. The relative value of these two coefficients 
determines all the stability conditions and the absolute values 
determine the other factors such as amplitude and period. 

The damping coefficient of each of the Equations [4] and [5] 
contains the term ze/7, which is not present in Equations [2] 
and [3]. This term represents the effect on the process of the 
self-regulation of the system. The other term (0/57', in Equa- 
tion [5]) represents the damping due to the regulator itself. 
Equation [4] has no regulator damping term, showing that a 
floating regulator depends entirely on the process for its stability. 

The self-regulation of a process is defined as the tendency of 
a process, after it has been disturbed, to balance input and 
output energy flows, as a result of the change in its potential 
level. 

Two types of self-regulation are discussed by Stein and 
Wiinsch,*® namely, (a) back-pressure damping and (b) flow 
damping. The latter is caused by flow resistance occurring 
within the system and consequently presupposes a multiple- 
capacity system. The former only concerns itself with condition 
changes (pressure, in this case) across the supply and discharge 
resistances, and therefore, refers to single-capacity systems. 
Therefore, only back-pressure self-regulation will be considered 
at this time. 

It will be shown that the relation of the two coefficients deter- 
mines the type of vibration which will occur and that this may 
fall into two general classes, each of which gives rise to three 
specific types. 

Thus, aperiodic regulation results: 

(a) If reaction time 7T, = 0 
(b) If traversing time 7, 


¢ = 0 Floating or proportional 

0 c =0 Proportional regulator 
only 

c? = c All types 


(c) If very large damping 
exists 
Periodic regulation (vibration) results if c? 2 co, and may be 
either of three types. From the Appendix the solution for 4, 
when c? 2 ¢p, is given by 


Therefore, if 


(d) c >0, e~* decreases with time Damped vibration 
c=0, e*%=1 Sustained vibration 
(f) e <0, e**increases with time Resonant vibration 


Since cases (e) and (f) do not represent practical solutions, we 
will not concern ourselves with them any further. If they occur 
at all, the values of c must be revised until they are greater than 
zero. 

Cases (a) and (b), in which the second-order term drops out, 
revert to the first-order equation 


[7] 
whose solution is very easily obtained as 


It is necessary to consider in detail then only the two cases, 


4**Regelung und Ausgleich in Dampfanlagen,”’ by T. Stein, Julius 
Springer, Berlin, 1926. Also: ‘‘Selbstreglung ein neues Gesets 
der Regeltechnik,’’ by T. Stein, Zeitschrift des Vereines deutscher 
Ingenieure, vol. 72, Feb. 11 and 18, 1928, pp. 165 and 209. 

‘‘Regler fir Druck und Menge,”’ by G. Wiinsch, R. Oldenbourg, 
Munich, 1930. 
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where the second-order term remains and where c > 0. These 
two cases require individual treatment and differ only in the rela- 
tive values of c and ¢o. 


SOLUTION OF APERIODIC PROCESSES (c* 2 


From the Appendix we get as the solution of these aperiodic 
processes 


or 
= — Ae [10] 
where 


is the initial rate of change of the variable expressed by Equation 
{1], and 


% 
| 


=- 


These roots are real, since the radical is positive and «, is 
always larger than w:; therefore, the sign of @ never changes and 
it always remains at one side of its equilibrium value and reaches 
this value, ¢ = 0, whent = o. 

It is possible to calculate the maximum amplitude of the vari- 
able deviation, which, from the Appendix, is 


1 w: log (w/w) 
2a/(c? — ca) 


omax = 


We log 


This solution is obviously rather unwieldy, but the analysis 
can be very easily converted to a graphical one which gives a 
complete solution. 


| | 
| | 
|| 
| _| 
| 
| 
oa N |__| 
\ 
10 12 


Fie. 1 Apgriopic DAMPING 


Equation [10] consists of two distinct terms Ae®*! and — Ae®”. 

ese exponential functions are very readily plotted on semilog 
paper. Fig. 1 shows a plot of example 1, a typical single- 
capacity process, which is solved as follows: 


Example 1: Proportional Regulator—No Self-Regulation. Let 
6 = 0.25, 67, = 0.10, T, = 10, z=0.5, c= = 1.25, 
and = = 1.0. Then 
¢’0 = gz/T, = (1 X 0.5)/10 = 0.05 
‘ied 1 0.05 = 0.033 


—  24/(1.25? — 1.0) 


This represents the value of ¢ when ¢ = 0, and is plotted as the 
initial ordinate. 


| | 
| 
06+ t + —+——— 


| 
| | | | 
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Fic. ApERIODIC AND StronG PEeRtopic DAMPING 


The slope of the two curves is easily determined by solving for 
the time (tio) required to reduce the variable to one tenth its 
initial value. Since the initial value of e = 1, when t = 0, the 
time for e = 0.1, or ti, is obtained by solving directly for ¢ in 
this last equation. That is, since e = 0.1 


2.3026 


@ 


t= = — 
w 
Now 
w = + +/(c? — &) 
Therefore, in the example 
— 1.25 + +/(1.25* — 1.0) = 2.0 


= 
and 
w, = —1,.25 — +/(1.25* — 1.0) = 0.5 
Therefore 
= 1.15 sec 
—2 
and 
—0.5 


These values are plotted for values of ¢ = A/10 or 0.033 and 
the total value of ¢ is obtained by subtracting the first curve 
from the second giving the resultant curve below from which 
any derived data may be taken directly. 

Fig. 2 is a replot of this resultant curve on standard coordinates 
to bring out the more familiar contour of the aperiodic vibration. 


SoLutTion or Pertopic Processes 


By far the most common and most significant group of proces- 


\ | 
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ses are those that fall between the limits c > 0, and c? S co, and 
whose equation of change is characteristic of a damped periodic 
oscillation. 

The solution of this equation differs from that of the aperiodic 
process in that the roots are imaginary (see Appendix) and is 
represented by the typical equation for a damped oscillation, 


that is 


In Fig. 3 a typical process following this law is plotted. In 
the figure, the three factors fundamental to every damped vi- 
bration are clearly shown. These are 

A, the initial or zero intercept of the decrement curve. 

e-*, the “logarithmic decrement” or the curve representing 

the damping effect. 


JANUARY, 1940 


sin mt, the factor that imparts the periodic character to the 
vibration, where m = +/(co — c®) radians per sec. 


The constants c and m are determined directly by referring 
to the coefficient of ¢’ in the combined equation. 

Note that the value of e~“ reaches zero only att = ©. There- 
fore, in all regulator motions that damp out (periodic or aperi- 
odic), the regulator continues to vibrate indefinitely, although with 
constantly decreasing amplitude. The fact that in practice the 
regulator actually stops in a finite time indicates the presence of a 
“dead zone” within which mechanical forces such as friction are 
sufficient to overcome the residual working forces in the power ele- 
ment of the regulating mechanism. 

The Initial Coefficient A. This coefficient is obtained by 
analyzing the conditions that exist when t = 0, at which time 
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Fic. 3 GRAPHICAL ANALYSIS OF REGULATOR VIBRATION 
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@ =A. The rate of change of ¢ or ¢’ is obtained by differentiat- 
ing Equation [6] thus 


¢’ = — Ace~* sin mt + Ae~* m cos mt....... . [16] 
and at ¢ = 0, sin mt = 0, e~* = 1, cos mt = 1, and ¢’ = 6’. 
Therefore 
or 
A = = 290/MT [18] 


The plotting is simplified greatly by first drawing in the decre- 
ment curve Ae~*. To do this an auxiliary curve is first drawn 
on semilog paper to the same time scale, as in Fig. 3. Ae~@ is 
represented by a straight line in these coordinates, starting at 
A, for t = 0, and passing through A/10 at a time tio sometimes 
referred to as the “time for tenthing,” or “interval.’’6 

Time for Tenthing. This time ty is determined by calculating 
the time required to give 0.1 A. Thus 


or 
0.1 = e 
therefore 
log, 0.1 2.3026 


c c 


This defines the straight-line decrement on the semilog paper 
and the points can be projected along the time ordinates to the 
standard coordinates. The periodic curve is then generated 
graphically, the individual points being determined by multi- 
plying the ordinate at any time ¢ by its corresponding sine func- 
tion. 

The mathematical solutions for the various critical points 
of the curve will be given together with the discussion of its 
qualitative aspects. 

Maximum Deviation. This deviation Qmax is sometimes the 
most significant quantity we have to determine, and is not quite 
as simple a function to calculate in the case of damped vibration 
as it would be if the variable followed an ordinary sine curve. 
Its value is obtained by differentiating Equation [16], which gives 
the following form, and equating ¢’ to 0. Thus, Equation [16] 
becomes 


o’ = Ae~* cos(mt + B) = 0............. [21] 


where 


Therefore, mt must equal (4/2 — 8) in order that ¢’ = 0, and 
8 is the angle by which ¢max precedes the tangent point to the 
decrement curve, which occurs at 2/2. 

Solving Equation [6] for this value, t = (+/2 — 8) gives 


where cos B = m/+/co. 
The Period T,. This is the time for 2 radians, or one com- 
plete cycle, that is, mt = m7’, = 2x. Therefore 


= o = — [24] 


*“Automatic Regulators, Their Theory and Application,” by 
the Smith, Trans. A.S.M.E., vol. 58, 1936, paper PRO-58-4, pp. 
~303. 


The period is a constant quantity for a damped vibration, 
regardless of the disturbance or the time, although the vibration 
is not symmetrical. The zero intercepts occur successively at 0, 
x, 2x, etc., but the maximum amplitudes precede the points 
x/2, (3/2)x, ete., by the angle 8. It actually takes the variable 
longer to get back to equilibrium than to reach its maximum de- 
parture, even though the cycle is perfectly isochronic. 

This, incidentally, is true for all processes with continuous-type 
regulators, which represents another point of distinction between 
them and the discontinuous types, such as the two-position 


regulator. The period of such a discontinuous regulator varies 
with time as well as with the extent of the disturbance. 
|_| | 


MAT 


AMPLITUDES OF- 
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Cr 
Fie. 4 Ratio or AMPLITUDES 


Ratio of Amplitudes. The ratio of any two successive ampli- 
tudes R,4 is a very good criterion for stability, and may be repre- 
sented by the two values ¢2/@max. This ratio is equal to the 
decrement for ¢ = one half swing = T,,/2 = x/m, that is 


Damping Constant C,. To simplify matters, the ratio of am- 
plitudes R,4 is plotted against a damping constant C, = ¢/+/co 
as in Fig. 4. This constant C, is a much simpler function to cal- 
culate than R, and it has therefore been suggested by Wiinsch® 
as the logical single criterion for the stability of a process (as a 
substitute for the more involved function R ,). 

Fig. 4 presents the case where C, is 0.5 and R, is 0.16, which 
according to Wiinsch! is a convenient criterion for good damping. 
If R, is 0.16 then a disturbance is reduced to (0.16)? or 2.56 per 
cent in one full oscillation (two half swings), which can usually be 
considered as satisfactory damping. We shall investigate, 
however, to determine whether this is a sufficiently general 
criterion by which to judge the entire regulation process. 

The values of C, for typical regulator and processes are 


Regulator No self-regulation Self-regulating process 


Floating....... 0 = oT, = Cp 
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TABLE 2 DATA FOR FIGS. 5 AND 6° 


56 

Process Regulator 

Fig. 

5 a 6.8. 2 10°02 9.1 
5 b 0.5 2 10 0.1 0.1 0. 
5 ¢c 0.5 2 10 0.1 1.0 0. 
5 d 0.5 2 10 0.1 1.0 O. 
5 e 0.5 2 10 0.1 10.0 O. 
5 i 0.5 2 10 0.1 10.0 O. 
5 g 0.5 2 10 0.610.0 0. 
6 0.5 2 42 
6 k 0.5 2 
6 c 0.5 2 10 0.1 1.0 O. 
6 n 0.5 2 100 0.1 1.0 O. 

6 ° 0.5 2 100 0.1 1.0 


Co Tp tho A Cr 

500 1.000 7.26 4. 0.0570 0.5000 
050 1.000 6.30 46.0 0.0500 0.0500 
050 0.100 20.10 46.0 0.1580 0.1580 
100 0.110 19.90 23.0 0.1580 0.3016 
005 0.010 62.80 46.0 0.5000 0.0500 
050 0.011 72.60 46.0 0.5770 0.5000 
030 0.010 66.00 76.8 0.5250 0.3000 
050 1.000 6.30 46.0 0.5000 0.0500 
500 1.000 7.26 4.6 0.5770 0.5000 
050 0.100 20.10 46.0 0.1580 0.1580 
050 0.010 68.20 46.0 0.0577 0.5000 
005 0.010 72.60 46.0 0.0500 0.0500 


@ The nomenclature in Table 1 defines the terms used herein. 
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Regulator Position. The position of the floating regulator at 
any instant is also shown in Fig. 2 by dotted lines. A complete 
discussion of the regulator position is not possible here, but 
several interesting aspects are worthy of note. 

The phase relation between the position, which is referred to in 
terms of the supply flow q, it produces, and the variable ¢, is not 
90 deg as might be expected, but 90 deg — 8. The angle £ is 
negligible only when the damping is negligible, as in a sustained 
oscillation. 

Another point to notice is that the regulator does not go through 
its equilibrium position when the variable reverses, Or max, 
because the nature of the process has made the supply flow de- 
crease, and the discharge increase, each by an amount depending 
upon the change in ¢. Where e = 2, that is, when supply and 
discharge self-regulation effects are equal, ¢max corresponds to a 
position of the valve gq = ¢e = 2¢ from the equilibrium position. 
This valve position can be checked from the process equation 
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When ¢ = ¢max, ¢’ is obviously zero, or 


If no self-regulation existed and a proportional regulator were 
shown, then the regulator would go through zero at ¢max. 


EXAMPLES OF REGULATED PROCESSES 


The more the question of regulation is investigated, the more 
it becomes evident that the process and regulator are part of one 
inseparable problem, and that their reactions must be studied 
together to lead to the most useful conclusions. To illustrate 
this, Fig. 5 has been drawn so that several regulator characteris- 
tics are compared with reference to a single process, and Fig. 6, 
so that a variety of processes are compared for a single regulator. 
Data for Figs. 5 and 6 are given in Table 2. 

The curves show the effect of a sudden “supply” disturbance, 
caused by unbalancing the regulator an amount equal to q, and 
then letting the system come back to equilibrium. Therefore, 
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there is no change in load. It must be kept in mind that the 
change in the variable with load for the proportional regulator 
cannot be detected on these curves although its effect on the vi- 
bration is taken into account. 

These curves have been verified experimentally by several 
observers and substantial agreement established, well within 
the required limits of accuracy. 

Effect of Regulator Speed or Traversing Time T,. The travers- 
ing time 7’, which is the reciprocal of the regulator speed and 
6, the pilot valve or speed characteristic, are found together in all 
the equations. Their combined effect will, therefore, be con- 
sidered under the heading of effect of regulator speed. 

Since 6 is the value of ¢ at which the regulator will travel at 
full speed, discontinuity results whenever ¢ is larger than 5, and 
the speed does not increase any further. This happens only 
when very large disturbances occur but if it does, the reaction 
that takes place is neglected in the calculations while ¢ is greater 
than 6. As soon as the regulator has traveled sufficiently to 
bring @ within this range, then the equations are applicable. 
This imposes another set of limitations on the analysis. It is 
not a serious one, since, even under extreme conditions, the proc- 
ess gets back into this range in a relatively short time. If it 
does not, then the value of 6 itself should be increased even 
though the product 67, is satisfactory. 

The term 57’, is the theoretical time per 1 per cent of stroke 
when @ = 1.0. Of course, this time is never attained because @ 
never gets larger than 6, which is always a fraction, but it is an 
important quantity because as long as ¢ stays within 5 we can 
imagine that the maximum regulator speed will finally go to this 
value, and treat it as the theoretical maximum speed. 

Proportional Regulator Speed. Fig. 5 shows six cases for the 
same process having 10 sec reaction time, in which both extremes 
of stability and accuracy are obtained by varying the regulator 
characteristics. Thus, curve a shows a very stable regulation 
process with a proportional regulator that also gives a good devia- 
tion characteristic. An extremely fast regulator is required, 
however, one with a 67’, of 0.1 sec or a speed of 1 sec per stroke. 

Curves ¢ and e illustrate what occurs when the proportional 
regulator is slowed up 10 times and 100 times, respectively. 
The last two curves show a much lower stability, longer period 
and “time for tenthing,’”’ and much larger ¢max. These curves 
emphasize the importance of speed in proportional regulators 
and show why it cannot be neglected as a factor. 

Curve n in Fig. 6 shows what the regulator of same 7’, as 
curve c, or 10 sec, does on a process with longer reaction time. 
Obviously, the result is much improved, since the speed of the 
regulator, relative to that of the process has been increased. 
Therefore, it becomes obvious that the regulator speed must be 
considered in its relation to the other constants of the process. 

Floating-Regulator Speed. If the process possesses self-regula- 
tion and a floating regulator is to be used, then the effect of the 
speed on damping is quite the opposite to the effect for propor- 
tional regulators. Thus, curve f in Fig. 5 shows that with the 
slowest of all the regulators in the figure, very strong damping 
results. As a matter of fact, speeding up the regulator has the 
effect shown in curve b, namely, the regulator is acting so fast 
that the self-regulation of the process has insufficient time to take 


_ effect strongly; consequently, a bad oscillating condition results. 


Combined Effect of Proportional Regulation With Process Self- 
Regulation. When a proportional regulator is used on a system 
having strong self-regulation, as in curve f, the added damping 


| due to the proportional characteristic is negligible. Likewise, 


if the proportional damping is very strong, then the added damp- 
ing due to the self-regulation is negligible. 
The third case, however, in which both regulator damping and 


self-regulation are rather weak, is shown in curves ¢c and d, 


The factor 6/57, for the proportional-regulator damping coef- 
ficient equals 0.1 and ze/T,,, the self-regulation damping coefficient 
equals 0.1. Consequently, the two curves are identical and do 
not exhibit great stability, as shown by curve c. Curve d shows 
the effect of plotting the sum of these two effects, or a combined 
coefficient of 0.2; the result is considerably more stable than 
curve 

This does not happen if we combine the damping of curve b 
with a because it is so negligible compared to a that it would not 
change the characteristic of the more strongly damped curve. 
A simple calculation bears this out. 

It must be kept in mind that we cannot always use the com- 
bined equation since not all processes exhibit self-regulation 
due to discontinuity in the process, even though the constants 
of the process appear to be favorable. A process having pressure 
drops greater than critical is a case in point. Therefore, we may 
state the following as a practical and general résumé of the fore- 
going comments: 


(a) If the damping due to self-regulation of the system 
be strong, the addition of a proportional characteristic will not 
improve the result but will merely introduce the error due to 
the band (droop or characteristic). 

(b) If the damping due to self-regulation be weak, and a 
strong regulator damping be required, then the effect of the 
self-regulation of the system would be negligible and disre- 
garding it in the calculation would introduce no serious error. 

(c) If the self-regulation of the system be moderate (C, 
= 0.15 to 0.3) and a regulator damping of about the same 
amount be required, then the total damping would be ap- 
proximately the algebraic sum of the two. 


For example, in curve c the C, of the process exhibiting self- 
regulation equals 0.158, and the C, of the regulator damping 
equals 0.158. For the combined process the value of C, is 
0.302, or approximately the sum of the two. 

On the other hand, C, for curve e equals 0.05 while for curve 
f it is 0.5, and the vector sum equals 0.52 which would give prac- 
tically the same curve as curve b. 

Effect of Reaction Time T,. Fig. 6 presents a parallel analysis 
in which a single regulator characteristic is applied to three proc- 
esses having widely different reaction times. As in the first 
figure, we see that the larger time constants of the process cause an 
appreciably larger period of vibration. Again the effect of the 
reaction time is considerably different depending upon whether a 
floating or proportional regulator is considered. Curve j shows 
how unstable a proportional regulator would be on a quickly re- 
sponding process. Of course, this does not mean that a propor- 
tional regulator could not be made to work on this process, but 
its speed in order to be satisfactory would have to be increased 
about 100 times. For the speed shown, which is fairly high for 
normal regulator practice, the regulator hunts considerably. 

On the other hand, with a large reaction time of 100 sec the 
proportional regulator gives a very small deviation and strong 
damping, although a very long period. Again this is largely due 
to the fact that the relative speed of the regulator is very high. 

Where self-regulation is present, the floating regulator curve k 
damps out very quickly although the relative speed is still such 
that considerable deviation of the variable occurs. As a matter 
of fact, on a process having such a low reaction time, tremendous 
speeds of a different order entirely from those customarily used 
would be required if in addition to strong damping it was neces- 
sary to hold the maximum deviation of the variable within narrow 
limits. 

On the system shown in curve 9, the floating regulator shows 
practically no damping at all and ordinarily would continue this 
oscillation indefinitely. The oscillation is not very large, it is 
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true, but this is merely because the system has such large capacity 
that it would change very slowly even if no regulator at all were 
applied. Although the variable does not oscillate much, the 
regulator itself moves almost wide-open and closed. As a matter 
of fact, the results shown in curve o would not be the best solution 
even if they were not objectionable, since the simpler two-position 
regulator could be made to give results which are equally as good, 
if not better, provided the load variations were not too great. 

The Effect of Proportional Characteristic 6. When the speed of a 
proportional regulator is insufficient and the process exhibits no 
self-regulation, then the values of 6 must be increased as shown 
in curve g. Curve g shows a fair stability characteristic but a 
6 of 0.6 is required and this, of course, introduces considerable 
variation of the variable with change of load. This is not nearly 
so satisfactory a solution as speeding up the regulator as illus- 
trated in curve a. Even curve c, which is relatively unstable, is 
better in some ways than curve g, due to the shorter period, since 
the actual deviation is less and of shorter duration. 

Sometimes a pressure drop within the system can be utilized 
to introduce a proportional characteristic into the equation with- 
out necessitating its presence in the regulator mechanism. When 
this is possible a floating regulator may be used, but its effect is 
practically that of a proportional regulator. This type of damp- 
ing is known as “flow” self-regulation, but the full discussion of 
it belongs under the heading of ‘‘Multiple-Capacity Processes.” 

Effect of Load. The load factor z as used here refers to the 
ratio between the equilibrium flow at the given time and the 
maximum flow to which the process may be subjected without 
introducing any discontinuity in the process reaction. It af- 
fects the various processes in several ways: 


(a) With a proportional regulator the equilibrium value 
of the variable varies directly with the load by an amount 
determined by the characteristic 6. This is not brought out 
by the examples which are all taken at constant load. 

(b) With a proportional regulator, the damping and the 
decrement are independent of the load. 

(c) While the reaction time 7, is a constant, the “ap- 
parent” reaction time 7, actually decreases with load. It 
obviously takes the process longer to react for a given percent- 
age of change at low loads than at high loads and this is con- 
firmed by the equation for the damping constant 
ze oT’, 


2 WT, 


for self-regulating systems, which indicates that the damping is 

directly proportional to the load. 

This is another limitation on the floating regulator. Unless 
the damping is so large at high loads that it is still sufficient at 
low loads, some proportional characteristic may be required 
merely to take care of the low-load condition. 


JupGiInG Qua.ity or RESULTS 


Many attempts have been made to judge the quality of a regu- 
lation process by simple criteria such as stability or deviation. 
These will be discussed to determine whether any one of them is 
a true criteria of quality. 

Stability. Stability refers to the ability of the regulator to 
damp out its oscillation quickly. This can be considered to 
mean either that the damping per cycle is strong, that is, C, is 
large, or that the damping per unit time is strong, that is, to is 
short. 

Now, curves a and k satisfy both these criteria, that is, C, is 
large and ty is small, and obviously they are examples of stable 
strongly damped vibration. 

Curves n and f have large values of C, but their period is so 
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large that the tio is also large; therefore, they would not satisfy 
the conditions of a fairly rapidly changing process, because the 
vibration though well damped might not damp out entirely be- 
tween load changes. In fact, six of the curves in Figs. 5 and 
6 have the same tio value (46 sec) and yet there is no similarity 
between any of them in so far as their effect on the process is 
concerned, 

It can hardly be said, therefore, that the tio value forms a 
logical criterion for regulator operation. This does not mean 
that it is not a signific at figure. It is a valuable index if only 
for the fact that it is very useful in preparing the rest of the 
graphical solution. 

The damping constant C, is a more informative criterion, al- 
though as has been pointed out, it is not safe to judge the process 
by this value alone. However, none of the processes with a large 
value of C, is likely to cause much disturbance to the process, as 
this criterion is definitely associated with the tendency of the 
process to return to a normal position within one or two cycles. 

When C, = 1.0 or more aperiodic damping exists and while 
this is often very desirable there are many cases where it is prefer- 
able to have a slight oscillation. In Fig. 2, a second curve 6b has 
been drawn for the same set of conditions as the main curve a, 
except that @ = 0.15 instead of 0.25. This gives a C, of 0.75 in- 
stead of 1.25, or a very strongly damped periodic oscillation instead 
of one that is aperiodic. Curve b, the less damped, actually returns 
the variable to its equilibrium value much sooner, and thoughi * 
overshoots it slightly, its average value after about 3 sec is much 
better than that of curve a. Furthermore, its final value is apt 
to be more accurate than in the case of the aperiodic curve, since 
it is more likely to stop in the middle of the “dead zone” while the 
aperiodic vibration usually stops at the edge of the dead zone. 

Period. The period of a damped vibration, it has been pointed 
out, remains constant for a given process regardless of the magni- 
tude of the disturbance. It depends almost entirely on the 
product of the regulator traversing time and the process-reaction 
time. With a large-capacity process, a large period is unavoid- 
able unless the regulator traversing time is made extremely low. 
Very often, however, this is not undesirable since large capacities 
are usually present, at least partially, for the purpose of prevent- 
ing sudden changes from occurring. It is important to note 
that if the period is large due to the slowness of the regulator, 
as in curves e and f, considerable deviation of the variable results. 
If it is the process-reaction time that is very large, relatively small 
deviation results even though the period is large, as shown by 
curves o and n. 

Again, if C, is very large, a very small period is helpful. How- 
ever if C, is small, a small period causes a fast vibration as in 
curves b and j. 

Maximum Deviation ¢max. This quantity is a little more in- 
volved to determine mathematically but in a graphical analysis 
its value becomes self-evident. There is again no general rule 
which can indicate the extent of this deviation. Obviously, it is 
a direct function of the disturbance or change in load. Its re- 
lation to the other constants, however, is quite indefinite and is 
entirely different with a self-regulating process from that with 
a process with proportional regulator damping. 

Graphical Methods. If instead of trying to determine indi- 
vidual criteria the entire results are plotted as in Fig. 3, the solu- 
tion becomes evident at a glance. All the factors that enter in 
the picture are embodied in the resultant curve and it only re 
mains to judge the process on the basis of the results required. 

Requirements of the Process. The entire analysis so far has 
been made on the basis of a standard disturbance which consisted 
of moving the supply valve an amount necessary to change the 
flow by a value of g. It has been pointed out in the author's 
previous article? that this disturbance is typical of all types of 
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disturbances for single-capacity processes. This means that if 
the process will satisfactorily damp out a sudden disturbance in 
supply, it will take care of any other type of disturbance at least 
as well. 

The actual disturbance against which we must compare our 
result is always, in some manner or other, the equivalent of a 
change in load. Any change in condition can be translated in 
terms of its equivalent in input flow or load. 

The load factor then is plotted against time, and sections of the 
curve selected to represent both typical and extreme load dis- 
turbances. On these is superimposed the curve already ob- 
tained for equivalent standard disturbances, and the final decision, 
as to whether “satisfactory” regulation of the process exists, be- 
comes a matter of judging the results and comparing them with 
the ultimate requirements. * 

Usually it is sufficient to perform these last-named operations 
mentally as a visual comparison of the load curve and the sudden- 
disturbance analysis should tell the whole story. 


RfsuME OF THE CoMPLETE ANALYSIS OF A SINGLE-CAPACcITY 
PROCESS 


1 Determine 7, z, and e of the process (check to determine 
that the process is single-capacity and is not discontinuous or 
involving critical supply pressure drop). 

2 Assume values of 57’, and @ to test the process. 

3 Calculate the following coefficients: 


Proportional with  self- 


Floating Proportional regulation 
267, oT, 287, 

1 1 zed + 1 

Oe rT. aT .T 
(ce) C, or 
vo 2 NT. T, | 


4 From 3(c) determine which type of regulator to analyze 
first. 
5 Calculate 


(a) m — c*) 
()T, = 

(c) Ti = 2.8026/c 
(d) A = 2q/mT, 

(e) cos 8 = 


Of assistance but not necessary for calculations are 


a (or see Fig. 4) 
(9) @max = Ae — € cos 


m 

6 Plot e~* on semilog paper as straight line defined by 
=0,¢=A 

tu, @ = A/10 


7 Transfer to standard coordinates and multiply by periodic 


=e-- 


factor sin mt. 


CONCLUSIONS 


There is no property or combination of properties of the process 


| that justifies the assumption of the existence of an “index of 
' Controllability” or of satisfactory regulation. 


The true solution 
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lies in the complete representation of the entire process reaction, 
and the recognition of the fact that once a regulator and process 
have been combined, they must be studied as a unit. 

Certain generalizations are possible (with reference to single- 
capacity systems) but they must be restricted carefully to the 
limitations imposed on the problem. A few of the more im- 
portant of these are: 


(a) Certain processes exhibit a property of self-regulation, 
so as to impart an inherent stability to the process. 

(b) When self-regulation is present in sufficient degree, a 
floating regulator will operate in a stable manner. 

(c) When self-regulation is not present, then no stability 
exists unless it is supplied by the characteristics of the regula- 
tor itself, as in the case of a proportional regulator. 

(d) Stability may be present at the expense of other de- 
sirable characteristics such as speed and accuracy; therefore, 
it is not alone a satisfactory criterion of operation. 

(e) The dynamics of process regulation follows the well- 
known principles which govern all vibrating systems and then, 
by applying the principles of dynamic similarity, a general state- 
ment of the problem is possible through the use of dimension- 
less ratios and time constants. 

(f) Knowing the constants of a particular process and 
those for the regulator, the characteristics of the regulated 
process can then be determined by applying the methods dis- 
cussed in this paper. The results obtained will be sufficiently 
accurate for all practical purposes. 


It is not always possible to determine the constants of the 
process with accuracy. This, however, need not impose too 
stringent a limitation to the broad application of the method 
herein outlined, since the results need only be approximations 
in order to be of value to the process designer. Very often it is 
sufficient merely to know the order of the quantities involved in 
order to make a satisfactory approximation. 

Considerable literature dealing with the qualitative aspects of 
process regulation has been published, and the great need is for 
comprehensive quantitative data. It would be of invaluable aid 
to the future development of regulation technology, if those who 
are discussing the application of regulators to specific processes 
would describe these processes in terms of the time constants 
involved, and help form the basis for a quantitative approach to 
the whole subject. 

The reasoning utilized here may be extended to multiple- 
capacity processes and to other types of regulators giving equa- 
tions of the third and higher order. It is hoped that this exten- 
sion will be published soon under the auspices of the Committee 
on Industrial Instruments and Regulators. 


Appendix 


General equation 


+ + co = O.............. [A-1] 

Let 

Substituting in Equation [A-1], dividing through by e“ 

w? + 2ew + = 0 
Solving this quadratic equation gives the two roots 

and 

we = — — 
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If c? > co there is aperiodic damping. 
The general equation for ¢ from Equation [A-1] is 
@ = + 


where A and B are constants of integration. 
The values of A and B are determined from the initial condi- 


tions. Thus,whent=0, ¢=0, and = 
Then from Equation [A-5] 
@¢=0=A+B or A=-—B 
and 
= wAe*! + 
Let 
t = 0, = wA + wB............ [A-6 | 
= A(—c + Ve? — — Bte + = 
Therefore 
Likewise 
Substituting in Equation [A-7] 
If c? < co, then vibratory process exists. 
Let 
m = 
Then 
And 
w = —c—im 
Then the integrated value of ¢ in Equation (A-1) is 
where A and B are again constants of integration. Also 
Replacing the unit vectors e* and e~*™ by their sine and cosine 
functions 
@ = e~*[A(cos mt + isin mt) + B (cos mt — isin mt)] 
@ = e~“(Kisin mt + Kz cos mt)............... [A-15] 
where Ki = i(A — B) and K, = (A + B). 
Let 
= asin 6 and = a cos 6 
then 
= e~* (asin 6 sin mt + a cos @ cos mt) 
or 
@ = ae~* cos (mt — @)........... [A-16] 
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where @ 
the peak of the first vibration. 
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angle at t = 0, or initial phase angle, measured from 


Transferring the time axis —[(x/2) — @] gives 


= sin mt 


Discussion 


H. L. Mason.? The author has well coordinated a number of 
theoretical quantitative treatments of the critical stability of a 
regulator-managed process. The equations can be widely used, 
but will become so only to the extent to which engineers and 
process designers can furnish numerical values for the process 
constants which enter into them. Hence, it seems pertinent to 
emphasize the basic concept—flow, which underlies all under- 
standing and measurement of these constants, and point out 
that our present terminology may usefully be broadened. 

Fluid passing through a typical industrial process, whether 
the “fluid” quantity be cubic feet of liquid, pounds of gas, or 
heat units of thermal energy, encounters two hindering actions 
—resistance and storage. The rate at which it gets through the 
resistance depends on the “head” across such resistance and is 
in many cases proportional to it. This head may be a difference 
of liquid levels, a difference of pressures, or a difference of tem- 
peratures between entrance and exit, and it may be expressed in 
feet of water, pounds per square inch, or degrees Fahrenheit. 
The constant of proportionality may be termed a “conductance” 
and expressed in units of fluid quantity passed per unit time per 
unit head; when multiplied by head it becomes flow. 

The rate at which the “‘fluid” accumulates in a storage de- 
pends not on any property of the storing element, but solely on 
the inflow to and the outflow from it. We are more interested 
in the “level” of the stored ‘fluid,’ measured from an arbitrary 
datum and expressible as feet of water, pounds per square inch, 
or degrees Fahrenheit, because it is generally the variable we 
seek to control. Quantity stored is proportional to the “level,” 
and the constant of proportionality may be termed “‘capaci- 
tance,” and expressed in units of fluid quantity per unit level. 

With the terms “‘fluid,’’ “head,” and “level’’ generalized in 
such fashion, the fundamental dynamic relation 


Rate of change of level = inflow — outflow 


will be useful for a variety of industrial processing systems 
Each of its three terms represents an obvious physical reality 
the numerical value of which is the product of obvious physical 
quantities, determinable both by computation and by direct 
experiment. The relation appears to be basic to a rational ex- 
planation of the so-called “time constants,” and valid for an) 
value of self-regulation, whether of supply or discharge, and (i 
limited to small deviations) for any process in any medium 
involving temperature, pressure, or flow. It may readily be 
extended to complex systems with a number of storages an¢ 
resistances by applying it in turn to each storing element in com- 
bination with the resistive elements adjoining it. A plea is made 
therefore, for the use of the foregoing concepts in arriving & 
numerical values for process constants. 


C. P. Bosomwortu.® One of the author’s primary assumptions 
states that “standard sudden disturbance”’ in a single-capacity 
system can be simulated by an instantaneous change in suppl} 
caused by the movement of the supply valve. It is doubtfu 
whether such a disturbance can be found in the normal operatio= 
of process equipment. Generally, the disturbance occurs ove 


7 Director of Research, Taylor Instrument Companies, Rocheste! 
N. Y. Mem. A.S.M.E, 
8 Akron, Ohio. 
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a definite time interval and the change occurring in the character- 
istics of the system does so at a varying rate. 

The author takes this into account in his further analysis of a 
single-capacity system when the time characteristics of the 
controller and process are made a part of the equation shown. 
It may be that the difference in the answers obtained to the 
problem using “standard sudden disturbance” assumption in- 
stead of the more or less gradual load change which occurs is 
relatively unimportant. Perhaps the author would give his 
opinion on the analysis if such a standard disturbance was as- 
sumed to occur in a specified time with a uniform change of de- 
mand, 

A previous paper? by the author stated that Dr. Ivanoff used 
a standard disturbance consisting of ‘..... a continuous sinu- 
soidal change in demand. This standard disturbance leads to a 
solution which is difficult to apply and generalize.’ It is prob- 
ably true that such a type of change would be difficult to incor- 
porate in a simple mathematical form; however, it appears to 
the writer that there should be something between the two as- 
sumptions of standard disturbance which would be a little more 
consistent with the usual simple single-capacity process. 


Wattace D. Woop.’ The author is to be commended for 
making available in English the work of Stein‘ and Wiinsch’ and 
for ably extending the work of control analysis through funda- 
mental concept and mathematical development. The paper 
rightly emphasizes that the quality of control depends upon the 
combined influence of the characteristics of the process and of the 
controller. 

The writer feels that if the author had chosen his “sudden 
standard disturbance”’ as one of load rather than supply that his 
equations would have been more useful. They would then have 
represented the actual changes that occur in practice. The 
quality of droop which is a characteristic of proportional control 
and not floating control would have been brought out in the 
mathematics. The proportional-control equations would then 
have indicated the factors which affect droop and the quantita- 
tive effect of the factors on the amount of droop. In extending 
the analysis to multiple-capacity systems, it will be preferable 
to assume a load disturbance. Therefore, it seems desirable to 
analyze the single-capacity system under similar assumptions. 

It is the opinion of the writer that the author in his previous 
paper? did not choose the most representative type of propor- 
tional and proportional-plus-floating controllers. It is the ex- 
perience of the writer’s company that only in a very small per- 
centage of its proportional-control installations is the traversing 
time of the valve slower than the speed of changes in the process, 


_ Le., the rigid connection between the valve position and the pen 


position on the chart is maintained during motion of the pen. 


| Should this be generally true, then the author’s second- and 
| third-degree equations for proportional and proportional-plus- 
_ floating control become first- and second-degree equations. 
_ This would alter the scope of the critical analysis as well as lead 
_ to somewhat different conclusions. 


For instance, a proportional 
controller regulating a single-capacity process could not produce 
periodic damping as the general equation of control would be of 
first rather than second degree. 

The writer is not in agreement with the author’s acceptance of 
the Wiinsch damping constant C,. In practice Ry, the ratio of 
the amplitudes, is simply observed and serves as a logical cri- 


| erion of damping. Those who are making a mathematical an- 


alysis of control will find it only slightly harder to calculate R 4 
than C,. Also the use of R, is in keeping with log decrement as 
used generally in vibration phenomena. 


Py eee Engineer, Taylor Instrument Company, Rochester, 
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With reference to the purpose of control analysis, it may be 
argued by some that the easiest way to “synchronize” an instru- 
ment to a process is to install the instrument and adjust it by 
cut and try to the optimum control that it will give, and that 
generally it will be easier and more economical to install an in- 
strument in this manner than to first determine the constants of 
the process and then apply a preadjusted instrument. But, one 
must not lose sight of a goal of this group which is to analyze and 
classify processes and instruments so that when a manufacturer 
desires an instrument to control a particular process and maintain 
a quality of product within given limits, he will know whether to 
choose a floating, a proportional, or more complicated type of 
controller. 

With such an end in view, the author, at the close of his paper, 
emphasizes the need for comprehensive quantitative data of 
existing processes. The work of this group may well be directed 
to the determination of what data should be known about proc- 
esses and how it should be obtained. A collection of such data 
representing a good cross section of existing processes would then 
be available for a complete analysis. The author has set up 
factors which describe the characteristics of a process. It would 
be useful to have other papers presented on this same subject 
with alternate methods of describing process characteristics. 
From these factors this group might select those most easily and 
generally measurable and use them as a basis for data leading to 
analysis. C. E. Mason’ and the author have made a fine start in 
this direction. 


E. S. Smirx.% While the author’s two papers? involve a 
great amount of work and constitute a definite advance in the 
art, they may be criticized as being too short, particularly in their 
failure to set up the physical reasoning back of that useful tool, 
the Anlaufzeit. To the writer, this concept is a physically 
meaningless abstraction for the case where no self-regulation 
is involved, the ‘‘area”’ only being there needed. The author’s 
closure could well include a brief introduction of the Anlaufzeit 
from a physical standpoint. For the occasional user, it would 
seem better to use Mason’s more direct approach? instead of the 
ratio notation followed in these papers. The ratio treatment 
tends to weaken the use of dimensional analysis, i.e., use of the 
mx theorem of Buckingham, in attacking the physical problems 
involved; but this is not of much consequence since regulation is 
more a matter of the mechanics of damped oscillating systems 
than of physics. 

Some of the general conclusions of the paper under discussion 
appear to be limited to the particular sort of regulator illustrated, 
e.g., one should apply the analysis with caution to self-operating 
devices. The treatment of the dead zone due to mechanical 
friction is inadequate and should be expanded to bring out the 
advantage of the earlier response (to a change) due to a narrower 
dead zone. 


AUTHOR’s CLOSURE 


The discussions on this paper deal mainly with qualitative 
rather than quantitative concepts which the paper has attempted 
to emphasize. The author feels that this is a general tendency in 
the field of automatic control and is overemphasized in most of 
the discussions taking place. 

The author’s aim was to stimulate discussion of the results of 
all types of quantitative analyses, so as to promote a study of the 
quantitative constants involved and to begin to talk on the 
subject of regulation in terms of numerical values. Furthermore, 
we must get away from the realm of our personal experiences, 
since the tendency to view regulation problems against one’s own 


"10 Mechanical Engineer in charge of Patents, C. J. Tagliabue 
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limited experience often blinds us to the broader generalizations 
that are possible. 

H. L. Mason offers the statement “the rate of change in level 
equals inflow minus outflow,” and asks that it be accepted as a 
fundamental dynamic relation ‘‘for a variety of industrial process 
systems.”’ He also suggests that the processes equation given 
by the author will come into wide use only to the extent that 
numerical values can be obtained for the “process constants” 
which enter into these equations. : 

The two remarks seem to be contradictory since the first is 
purely qualitative and places no significance on the dimensions 
or properties of the processes. Generalizations such as this in 
which the dimensions of the process are omitted entirely are 
more apt to confuse than clarify the problem. We all know that 
the rate of change in level is not the same for different processes, 
even if the inflow and outflow are exactly the same. 

The author feels that less attention should be given to names 
and qualitative concepts, and more attention to the concise mathe- 
matical definition of each element. The names can well be se- 
lected by a Committee on Terminology, once we have decided upon 
the physical dimensions of each quantity. It matters little if 
we call a certain property the “reaction time,’’ ‘Anlaufzeit,” 
“capacity time constant,” or any other term. After all, the im- 
portant thing is to realize that we are talking about the ratio of 
q to ¢’, if we know exactly where g and ¢’ are numerically. The 
best test is the one so often quoted by C. E. Mason in his well- 
known “let’s put some numbers in it, then we will all understand 

Mr. Bosomworth’s objection to the “standard sudden disturb- 
ance’ on the ground that it does not often occur in practice is 
again an evidence of a qualitative point of view. What differ- 
ence does it make whether it occurs in practice as long as it is a 
satisfactory mathematical test and one that can be checked ex- 
perimentally? The reasons for this approval have been covered 
in previous papers by the author and others. 

The objection raised by Mr. Wood to the use of the “supply” 
disturbance instead of the “demand” or “‘load’’ disturbance was 
seriously considered by the author before deciding on the method 
finally adopted. It is quite possible to bring in the effect of a 
sudden permanent change in load and derive an equation or 
plot a curve in which there is a permanent change or “droop” in 
the control point. This introduces further complication into the 
analysis, however, and adds nothing to our knowledge of the 
regulator action except what could be very simply determined by 
a simple and separate calculation using the “static” regulator 
equation, namely 


= ke 


which tells us that the static value of the variable, or the control 
point, varies with the regulator position, or the “load,” when a 
proportional regulator is used. 

Frankly, this is a question on which opinion may very justi- 
fiably be divided and the author would gladly accept either 
method if it were to promote consistency between various writers 
in studying this subject. 

There does not seem to be much validity in the statement that 
the regulators chosen in the analysis were not the most represen- 
tative type. In the first place, these regulators were of no “type” 
whatsoever, the equations being perfectly general to any floating 
or proportional regulator, whatever the speed. This discussion 


JANUARY, 1940 


in referring to proportional regulators of one type introduces a 
limitation which was never present in the paper itself. 

The statement “It is the experience of our Company that 
only in a very small percentage of its proportional-control in- 
stallations is the traversing time of the valve slower than the speed 
of changes of the process,” indicates, first, a limited range of 
application and, second, a misconception of the effect of speed. 
In all turbogovernors and in many flow and pressure controls, 
high speed is of vital if not controlling importance. The writer 
knows of many problems where 67’, values of about 0.10 to 0.25 
second were needed. 

Furthermore, even if the speed is greater than the speed of 
change of the process, poor regulation may result when the two 
are about the same order of magnitude. This confusion results 
from generalizing from observations based on temperature-con- 
trol problems where the process changes so very slowly due to the 
relatively large capacities involved, that the relative regulator 
speed is very high. 

Obviously, certain single-capacity processes with proportional 
regulators of high relative speed reduce to a first-degree equation 
and will not vibrate. But this follows from the general equation 
very clearly and has been brought out in the paper, and it is not 
necessary to alter any conclusions or stretch any theory to be 
completely consistent. 

E. 8. Smith criticizes the failure to set up a physical reasoning 
back of the term “Anlaufzeit” and calls it a meaningless ab- 
straction. If the writer could have supplied a photograph of this 
“time constant” of the process, it might be clearer, but time 
constants, while they cannot be seen, are very concrete, real 
quantities, and irrevocably related to and characteristic of all 
single-capacity processes. In the hydraulic analogy it is the 
time it would take to fill a tank of area A to a height h, at a rate 
of flow Q, or as stated in the simple Equation [4] of the first paper 


Ah, 


Mr. Smith notes that only certain regulators are treated and 
the treatment appears to be limited. The author purposely 
limited his treatment to “inertialess regulators,” as clearly 
brought out in the first paper,? and this obviously eliminate: F 
any practical consideration of self-operating regulators. 

As to the nomenclature, the author has no great preference 
having used dimensionless and ratio nomenclature only because 
it tends to generalize the equations and simplify them. If the F 
A.S.M.E. prefers other notations, the change-over is easily 
effected, and to this end a table has been included to relate the 
author’s nomenclature with that of C. E. Mason, who uses quam f 
titative units throughout. 

Finally, it is hardly to the point to criticize the treatment & 
“dead zone,” since this factor was assumed to be zero in ths 
discussion and the treatment carefully omitted with malic — 
a forethought. 

In conclusion, the author wishes to point out that this wort 
represents the merest introduction to the study of process 
treated as vibrating systems, and the general quantitative af 
proach to the whole problem of process analysis. He hopes ths 
discussions of processes will gradually become more quantits 
tive. Only in this way may the “art of process control’’ grade 
ally develop into a “science of process operation.” 
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Some Problems in the Design and Operation 
of Merchant Vessels 


By ROBERT C. LEE,' NEW YORK, N. Y. 


This paper presents certain technical aspects of ship 
design and operation as viewed from the standpoint of 
the executive administration of the merchant marine. 
The author evaluates the recent developments in hull 
and machinery design and construction in terms of eco- 
nomics. From the records of the Scantic Line and the 
American Republics Line, operating-cost figures are cited 
to demonstrate the relation of the various factors involved 
in ship operation. A review of shipbuilding costs and 
sales values of ships is included. Among other important 
matters discussed in the paper are safety provisions, crew 
training and personnel relations, and finally mention is 
made of the need for better and more efficient methods 
of cargo handling. The problems are proposed without 
solutions being available for many of them, in the hope 
that subsequent discussion may develop answers. 


chinery. The industry is keeping well abreast of power 

developments. The average shore engineer would be 
favorably impressed with the power plant aboard any modern 
ship. Of course, in viewing a ship’s installation one must keep 
in mind the limited space and the inevitable conflict which must 
occur in reconciling the different demands upon that space and 
the weight allowance for machinery in any given model. Cer- 
tainly the fundamental axiom of ship construction is that each 
demand must be compromised in order to arrive at a buoyant, 
stable, and workable ship. Furthermore, it should be axiomatic 
that there must be employed afloat much larger factors of safety 
than are needed in shore design. 

Just as in shore establishments, afloat there are steam plants, 
Diesel plants, combination steam and Diesel, and a constantly 
increasing use of electricity for the distribution of power to 
distant units, and for reduction gears. 

For the main propulsive units, which account for 80 per cent 
_ or more of the power utilization, there are steam plants driving 
turbines through mechanical reduction gears; steam plants 
driving generators, which in turn drive the propeller through a 
_ motor or so-called electric drive; the straight Diesel drive; 
' the Diesel drive through mechanical reduction gears; and the 
_ Diesel drive through electrical reduction gears, if they may be so 
termed. The race between the Diesel and the turbine is so close, 
' from the standpoint both of reliability and economy, when the 
_ twenty-year life of a vessel is considered, that the choice between 
_ them becomes largely a matter of personal preference. The 
» same condition is not quite true of the choice between mechani- 
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cal or hydraulic reduction gears and electrical coupling. There is 
no question but that electric losses of such connections are some- 
what greater than the friction losses of well-made reduction 
gears. On the other hand, the author is of the opinion that the 
flexibility and the elimination of vibration inherent in the electric 
gear more than compensate for the difference in efficiency in 
the case of many merchant ships and afford the electric con- 
nection much attraction for military purposes. It is assumed, of 
course, that the matter of reducing by gearing or other means the 
high rotative speed of the propelling units to the necessarily 
slow revolutions of the ponderous propellers of a modern ship, 
in order to secure reasonable efficiencies, is a familiar one. 

In departments of the ship other than the engine room, there 
seems to be slight justification for any but electrical equipment. 
Electric winches, electric steering engines, electric galleys, be- 
cause of the flexibility of electric-power conduits, as compared to 
the awkwardness and risks of conducting steam about a ship, 
have left the steam-driven winch and the oil-fired galley range 
in the limbo of the past. 


Earty Days OF THE TURBINE IN TEE NAVY 


As a young midshipman, the author vividly recalls a sunny 
morning at sea, leaning over the engine-room hatch of the old 
cruiser Chicago, while a friendly first-class man explained the 
rudiments of the steam turbine. At the time we were watching 
the slow turning of the weird-looking horizontal reciprocating 
engines. By the time of graduation from the Academy, two 
battleships, sister ships of the dreadnought class, had been 
placed in commission. One, the Delaware, was driven by re- 
ciprocating engines, and the other, the North Dakota, was pro- 
pelled by turbine machinery. The author was ordered to the 
reciprocating ship, the Delaware. The North Dakota spent much 
of her first year of service at various Navy yards undergoing 
turbine-reblading operations. It almost seemed that the steam 
turbine could be discounted as a marine propulsion system. 
However, wise heads saw that the fault in the machinery of the 
North Dakota was structural and not one of principle. The 
Delaware, in spite of her performance and economies of op- 
eration, was one of the last reciprocating-engined ships built for 
the Navy. 

Less than twenty years ago, the author knew of a case, where 
some very wise and able shipping men refused to consider any 
form of propulsion for ships of their fleet except reciprocating 
engines and Scotch boilers. Looking back now, it seems incredi- 
ble that such a view could have been so tenaciously held by 
intelligent men and engineers. 


DEVELOPMENTS IN HuLL CONSTRUCTION 


In hull construction great progress also has been made. The 
Titanic disaster, of course, brought about a complete revision of 
bottom construction and led to the adoption in the merchant 
marine of the double bottom long after that design had been 
applied to naval vessels. Flooding curves are now carefully 
studied and ships are compartmented with careful consideration 
of stability in a damaged condition. Practically no material is 
used in the construction of a ship these days that is inflammable. 
The author is by no means prepared to subscribe to the press 
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releases and other publicity which have recently proclaimed the 
advent of ‘‘nonsinkable, fireproof ships.”” That situation is still 
a long way off and probably always will be from the very nature 
of the enterprise. Nevertheless, great progress has been made in 
ship construction not only from a practical point of view, but 
in most cases from the artistic point of view as well. 

When the average shipowner wants a ship built, he calls in 
his naval architect and advises him of the general characteristics 
and the limitation of cost. Then the freight department demands 
voluminous cubic and large deadweight carrying capacity; the 
passenger department demands all outside staterooms with bath; 
both departments demand top speed; the operating department 
demands machinery which will achieve the lowest possible fuel 
consumption, as well as innumerable auxiliaries, winches, booms, 
and other cargo-handling gear. The architect knows that there 
is no way in the world to provide such a ship and he begins to 
trade among the different departments in the owner’s establish- 
ment, from which effort the final compromise emerges as a work- 
able vessel. Most of the formulas used in designing a ship are 
inevitably arrived at by the trial-and-error method; therefore, 
the marine fraternity is a very conservative one, going forward 
only a little at a time. Changes are by slow evolution. 

Less than three months ago, the new Cunarder Mauretania 
made her maiden voyage to New York. Though of comparable 
size to her famous predecessor, she is considerably slower. To 
be sure, there are the Normandie and the Queen Mary, super- 
liners which dominate the Atlantic service, with both owners 
engaged in building or planning larger and faster ships. In the 
author’s opinion this trend is likely to prove only a passing phase. 
The amount of power required to drive a vessel varies approxi- 
mately as the cube of the speed. Excessively high speeds, there- 
fore, become very costly. Also, there is no question but that a 
ship driven at high speed, in anything except good weather, 
causes considerable inconvenience to the passengers. The 
owner of one of these very high-speed ships told the author 
recently that, for at least one third of the running time, they 
were unable to use the full power of the vessel. It is the author’s 
belief that the America, now under construction for the United 
States Lines, and other similar-type vessels of various shipping 
companies, are pointing the way for the future. Modern cabin 
liners of moderate size and moderate speed, compared with the 
superliners, are becoming increasingly popular. Transatlantic 

passage by air on a commercial basis is now an actuality, with 
every indication of increasing service. Probably overseas trans- 
portation of the future is likely to be conducted by moderate- 
sized, dependable, medium-speed vessels, leaving air transport 
to those passengers who would otherwise be the patrons of three- 
day ships, when and if they become an engineering possibility. 

While the world tonnage of today, comprising some 30,000 
craft of various sizes and refinements as to the means of propul- 
sion, probably offers a fairly complete picture of the evolution of 
marine machinery from the simplest to the most complex type, 
the immediate interest and concern are in the advantages and 
limitations of the more modern machinery of the three principal 
types, the steam reciprocating engine, the turbine, and the 
internal-combustion engine. While the main competitors in 
the field of higher powers are the turbine and the Diesel, the 
reciprocating engine is still in the running and cannot be left 
entirely out of the picture. 


CONSIDERATIONS IN SELECTING PROPULSION MACHINERY 


The modern shipowner, while constantly gambling with un- 
certainties characteristic of his business, cannot afford to gamble 
in the selection of his ships. He is conservative in his choice and 
will insist upon proved reliability and economy of his equipment. 
This is especially true of his marine power plants where failures 
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are not only costly to repair but also can be very expensive in the 
matter of disrupted service and accompanying dissatisfaction of 
the shipping and traveling public. A wise shipowner will, un- 
doubtedly, even sacrifice a certain amount of economy to obtain 
unquestionable dependability of his ships. 

The combination of reciprocating engine and Scotch boiler, 
which so long appeared to be inseparable, is apparently at the 
end of its long trail of service. This is particularly true in the 
field of higher powers. 

It is true also that the reciprocating-engine builders have made 
many valiant attempts to regain the lost ground but, if the su- 
premacy of the turbine is being challenged, the effects of such a 
challenge are imperceptible. To overcome the thermodynamic 
disadvantages of the reciprocating engine the uniflow steam 
principle has been utilized, as well as the double-seat poppet 
valve, which is cam-operated and suitable for superheat. Pre- 
heated, low-pressure and exhaust steam turbines have also been 
interposed between the low-pressure cylinder and the con- 
denser. To overcome the disadvantages of high weight-to- 
horsepower ratio, there have been refinements of design and 
materials, as well as a stepping up of engine speeds. Needless 
to say, all this, while reducing the operating cost of engines, at 
the same time has increased their purchase price. 

This type of installation is unquestionably dependable and can 
stand a great deal of abuse. Furthermore it may be repaired 
readily in any part of the world. In these and other ways it 
embodies many features of desirability to the shipowner. Never- 
theless, it is difficult to overlook the disadvantages of poor 
thermal efficiency, mechanical losses, and high weight per horse- 
power inherent in this type of machinery. The use of higher 
pressures and superheat introduces difficulties of cylinder lubri- 
cants in the feedwater. Consequently, in the present-day trends 
toward bigger and faster ships, the reciprocating engine is being 
left behind to do its work in the lower-power class, where the 

characteristics and economics of this type of marine power 
plant still offer certain advantages and serviceability. 

With the advent of higher steam pressures and temperatures, 
steady progress has been made by geared-turbine machinery. 


The high dependability and economy of such a power plant 


renders it very desirable in marine work. Better and better 
economies are being obtained with installations of this type. 
Undoubtedly, the progress will continue for many years to come, 
as the metallurgist finds new and better materials which wil 
insure unfailing reliability at higher pressures and temperatures. 
At the same time, developments must be forthcoming in the 
future which will cut down maintenance costs by eliminating the 
more common failures in the blading, packings, gears, shafts, and 
casings. Water-tube boilers have been developed to a high state 
of efficiency and dependability. 


Speep-Repucina SysTeEMS FOR PROPULSION MACHINERY 


In order to take full advantage of the excellent efficiencie 
which the high-speed turbine offers, which must be combine 
with the low-speed propeller, various ingenious systems of gea* 
ing have been utilized. Of the three principal methods useé 
mechanical gearing is the most common, while strong claims ha” 
been put forth for hydraulic coupling. The electrical metho 
while having advantages of its own, apparently for the tim 
being must be restricted to special cases. 

Mechanical gearing may be either single- or double-reductioe 
the advantages to the shipowner being in the economies. Bot 
types are reliable. While the double-reduction gear may ® 
slightly less efficient than the single and involve more of an eng 
neering risk, the higher turbine speeds permissible with doubl 
reduction result in better over-all efficiency. This system # 
gearing makes possible the use of a turbine of smaller size, fe** 
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blades, greater rigidity,and one that is less likely to be susceptible 
to distortion, misalignment, and defective workmanship. As 
against this, must be considered the slightly greater reliability 
of the single-reduction gear. Also, because of the practical limits 
to the gear size, the application of single-reduction gears becomes 
more suited to cases where high revolutions and high powers per 
screw are desired. 

The turboelectric drive has a high degree of maneuverability. 
It also reduces engine-room noise and helps to eliminate vibration, 
since torsional vibration is practically absent from this type of 
machinery. At reduced speeds, turbine efficiencies are poor and, 
consequently, where operation at low speeds and powers is 
required for any considerable length of time, it may be of real 
advantage to cut out one turbine while the others run at high 
efficiency. In the turboelectric drive, the astern element with its 
mechanical problems is also eliminated. Turboelectric drive 
is therefore of considerable value in naval vessels. 

On the other hand, the first cost of the electric drive is ap- 
parently higher and the requirements of floor space greater. 
The fuel consumption is higher than that for the mechanical 
gear drive as a result of transmission losses, excitation, ventila- 
tion, lubrication, ete. Only special conditions of service would 
seem to justify the higher capital and running costs of this type 
of installation. Particularly it can be recommended for large 
passenger ships where elimination of vibration is of importance. 

This type of marine installation, when compared with the 
geared turbine, has provoked many heated arguments among 
the experts. Whatever the outcome of these discussions, the 
shipowner must as usual decide the matter for himself. He can- 
not afford to overlook the basic value of any type of power plant, 
since it may help him to survive in his hazardous and highly 


competitive business. 


DEVELOPMENTS IN MARINE DIESEL ENGINEERING 


It seems to be generally agreed that, if the Diesel had no other 


' justification for coming into being, it has fully earned its place by 


providing healthy competition for the steam turbine, thus forcing 
the art of steam engineering into more advanced and efficient 
In the course of its development, this type of power 
plant has progressed from the heavy, single-acting, four-stroke- 
cycle engine to the lighter, single- or double-acting, two-stroke- 


| cycle type. During the course of its evolution many refinements 
in design have been made. 


As in the case of the steam turbine, 
inherent metallurgical problems will have to be solved to make 
possible further and more telling advances. 

Diesel engineering has reached a high state of dependability. 
There are many Diesel installations which have rendered ex- 


_ cellent service for many years. While in the United States the 


adoption of this type of power plant for marine uses has been 


f comparatively insignificant and behind most of the European 


maritime nations, notably Norway, Denmark, Sweden, and 
Holland, where the motorship tonnage has reached roughly from 
60 to 75 per cent of their respective totals, American shipowners 
cannot afford to overlook some of the real economic advantages 


| which the Diesel affords. 


Since its efficiency is equally high for all sizes and because it is 
adaptable for direct, mechanical, electrical, or hydraulic drive, 


| the range of serviceability of this type of machinery is unusually 


wide. The excellent thermal efficiencies can be increased further 
by the utilization of exhaust heat for auxiliaries, as is being done 
regularly with varying degrees of success and economy. Pro- 


| Posals have been made to use multiple, high-speed, Diesel- 


dectric units where high powers are required, since it is merely a 
question of time until the practicable limits for Diesel size will 
% established. Such installations undoubtedly will be made in 
the future. As the engines grow in size and power, the heat 
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problems grow with them. Consequently, there are certain 
metallurgical and engineering limitations upon size, and new 
ways of utilizing the efficiency of the Diesel will have to be 
found if it is to continue into the field of higher powers. 

At present, the first cost of a Diesel ship in this country is 
higher than that for steam. In certain cases, the weight and 
floor-space requirements of this type of power plant appear to 
be greater than would seem to be desirable. Because of the 
comparative inexperience of some of the Diesel-engine builders 
of the United States, there may occur an occasional failure of 
cylinder covers and crankshafts; there may also be some in- 
stances for reasonable complaints as to liner and piston-ring 
wear, fractured bedplates, or misalignment of shafts. However, 
the difference in maintenance cost between Diesel and steam 
drives is apparently not too great. 

Fuel economy for the Diesel may vary somewhat according 
to the heat content of fuels used and the design of the engine. 
The Diesel will always have some advantage over steam in the 
matter of fuel consumption, regardless of how greatly steam 
machinery is improved, for the obstacles to further economies 
appear to be common to both types. Too often, however, the 
Diesel has been compared with some older steam installation and 
a false value derived. 

During the present program of rehabilitating the American 
merchant marine, the problem of proper choice of marine ma- 
chinery is being placed acutely before the operator. The question 
of steamship versus motorship must be decided. While the 
engineering profession can supply voluminous technical data on 
the two types and thus aid in arriving at a proper answer, the 
operator cannot overlook certain broader aspects of marine- 
machinery economies. 

While the question of fuel itself appears to be neither a serious 
nor troublesome factor of operation, its importance in determin- 
ing the relative advantages of the motorship and the steamship 
is undeniable. Experience indicates that the price differential 
between motorship- and steamship-fuel grades is important in the 
comparison of the two types, and that this differential never 
remains constant. 

In Europe, where the fuel-price differential has been smaller 
than in America, the motorship with its favorable fuel-consump- 
tion rate has been economically more desirable. Therefore, the 
Diesel engine as a power source has been much more widely 
adopted on the Continent than in America. The fuel-price 
differential apparently is increasing in Europe; what it will be 
in the future is unpredictable. This differential will largely 
determine which of the two types of power will have the ad- 
vantage and to what degree. 

The strategic value of fuel oil cannot be denied; also its 
availability is apparently not limitless. Undoubtedly, political 
and economic factors of the future will have a profound in- 
fluence upon the economics of ship operation. Enthusiasm for 
either steam or Diesel propulsion should be tempered by this 
consideration. It would be necessary to penetrate the future, 
to find the answer with regard to these two types of power plant. 


Power AS A Factor oF OPERATING Costs 


Among ship operating costs, the cost of power is not the great- 
est nor the most troublesome. During the design and construc- 
tion stages of a vessel, the broad aspects of power selection, as 
they affect the economic life of the vessel, undoubtedly are of 
great importance, demanding considerable study. When the 
operating stage is reached, however, the cost of power is a stable 
factor requiring a lesser degree of vigilance on the part of the 
operator than other operating items. A typical example of the 
breakdown of the operating-expense dollar for an 8500-ton, dead- 
weight, 12-knot cargo vessel in American Scantic Line service is: 
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Port charges and other port expenses................0005 12 
Agency expenses and brokerage...............0.5.00000ee 5 
100¢ 


The cost of power, as made up of fuel, lubricants, engine 
supplies, engine-room crew, and repairs and maintenance of 
machinery, aggregates roughly 29 cents of each operating dollar 
expended and, consequently, is next in importance to the cargo- 
handling expenditures. 

In the American Republics Line, where a de luxe passenger 
service to South America is conducted with modern turbo- 
electric vessels of 17,000 shp, developing sea speeds of 18 knots, a 
typical example of the breakdown of the disbursement dollar is 
as follows: 


Passenger and crew subsistence....................05. 13 
Port charges and other port expenses........... 10 
Agency and brokerage expenses................. re 9 
100¢ 


The cost of power in this instance constitutes only 23 cents 
of each operating-disbursement dollar. 

For tramp tonnage, handling bulk commodities, for tankers 
and similar tonnage, power costs, of course, may assume quite 
different proportions, going as high as 50 per cent of the entire 
costs. This largely accounts for the popularity of slow-moving 
ships, usually with reciprocating steam machinery. 

Of the cost of power ccraponents, the fuel expense is the 
greatest but, while important in itself, only routine vigilance is 
required to control it. The same applies to the problem of re- 
pairs and maintenance. 

Generally speaking, it may be said that the question of whether 
or not the cost of power is to become troublesome from the view- 
point of economics depends largely upon the wisdom and judg- 
ment of ship operators in the selection of ships to fit the require- 
ments of various trade routes. The tools must fit the job if the 
job is to be well done. There is no such thing as a ship satisfying 
the requirements of all routes. Consequently, in a broader 
sense, good engineering, as applied to the field of marine trans- 
portation, may be considered as not being confined merely to the 
measure of thermal and mechanical efficiencies of marine power 
plants, but to the degree with which these efficiencies meet the 
economic dictates of the multitude of arteries through which the 
life blood of international commerce flows. 


Construction Costs 


Needless to say, one of the principal factors entering into the 
design of any vessel, and one not to be found in textbooks of 
naval architecture, is that of construction cost. By all odds this 
is the most puzzling factor in the United States. Undoubtedly 
shipowners in all parts of the world think that their shipyards are 
charging too much. It is an established fact that wages and 
living conditions are on a higher scale in the United States than 
elsewhere. From this it may readily be deduced that American 
ships operating on the high seas in competition with unrestricted 
foreign tonnage must be subsidized. The amount of this subsidy 
can be fairly well established by a comparison of wages and similar 
costs, with those of competing foreign lines. It is the author’s 
opinion that the differential is a good deal higher at present than 
it will be in the future, owing to the gradual leveling of wages and 
living conditions throughout the world. The subsidy is higher 
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than it need be under any circumstances, if and when the Ameri- 
can public actually begins to support its own flagships. It is 
hoped that the taxpayers, from whom these subsidies emanate, 
eventually will awaken to the advantage of supporting to the 
fullest extent their own merchant marine, which is indeed a part 
of their national defense. 

When it comes to establishing the cost differential between an 
American ship and a similar ship built in a foreign yard, the 
matter becomes more confusing and there cannot help but be a 
feeling in the minds of many shipowners that all is not as it should 
be in our shipyards. Our shipyards build good ships. They are 
the equal of ships built anywhere in the world, and the superior 
of many. An explanation has been offered that, since most of 
the building has been Navy work, there have been very few ships 
commercially built in the United States and that part of the ex- 
cessive cost is attributable to the application of Navy require- 
ments to commercial construction. There is not much to this 
argument. When the United States Maritime Commission sent 
out its first invitations to bid on commercial tonnage, some 
startlingly high bids were received. The favorite explanation 
was that many unusual requirements were specified. The author 
is reliably informed that the Maritime Commission promptly 
met this situation by asking what reduction in price would be 
offered for the revision or elimination of any or all items or 
restrictions which imposed unnecessary expense. The resulting 
prices from the shipyards indicated that the effect of naval re- 
quirements on the bids had been negligible. 

The National Council of American Shipbuilders, presented a 
very interesting document? to the Committee on Merchant 
Marine and Fisheries of the House of Representatives on Febru- 
ary 29, 1928. In this document, it was stated: 

“The principal reason for the greater cost of American vessels 
is the high wages paid American labor, which are nearly double 
those paid in Great Britain. .... There is some difference in the 
cost of material in the United States and Great Britain, but 
this difference is not as great as the difference in cost of labor. 
As shown by the Jron Age, steel plates, as of February 9, 1928, 
are only 10 per cent higher f.o.b. Pittsburgh than f.o.b. mill, 
Great Britain, while shapes and bars are 20 per cent higher.” 

In this valuable document,? the cost of building a 10,000- 
ton deadweight 14-knot cargo ship, equipped with high-pressure- 
steam machinery, is broken down. A figure of $171 per dead- 
weight ton is deduced of which 50.2 per cent is material and 39.9 
per cent is labor; the remaining 9.86 per cent being for customary 
miscellaneous items. At another point‘ in this document, 
price of $125 per deadweight ton is given for a 10-knot freighter. 
At that time, namely, 1928, the building price of this class of 
tonnage in Great Britain varied between $42 and $45 per ton, 
which leaves in the author’s mind, at least, an unexplained dix 
crepancy of excessive cost in American yards of about $25 a ton. 
The National Council of American Shipbuilders further stated 

“Upon the assumption that both the foreign and America® 
shipyards have a normal amount of work on hand, so that the 
efficiency of the employees of each class of yard is substantially 
the same, and upon the further assumption that each class of 
yards has the same percentage of overhead expense, the Nations 
Council of American Shipbuilders, after careful investigation. 
finds that it costs 59 per cent more to build a 10,000-deadweight 
ton cargo steamer in the United States than in Great Britain. .. 

Under present conditions the above assumptions do not exis 

because there is no shipyard in the United States now engage 


2‘‘Statement of Conditions of the Shipbuilding Industry in th 
United States,’’ by H. Gerrish Smith, vice-president of the Nation® 
Council of American Shipbuilders, New York, N. Y. 

3 Ibid, Exhibit VII, p. 38. 

4 Ibid, p. 15. 


in n 
grea 
acco 
1938 
cont 
bein, 
fixed 
mene 
by tl 
So 
missi 
facili 
had | 
sidere 
efficie 
yard 
later, 
small 
almos 
$2,021 
The 
are be 
to any 
the sh 


the ge 


contra 
any re 


tonnay 


our ya 
It i: 


standa 


shipya 
As an 
little o 


it is hi 


make 1 


of con 
noted, 


at Gen 
of Nati 


objectin 


Supp 


In the « 


been gi 


similar 


recting 


problerr 


The Na 
us some 
That ha 
There 
shipbuil 
themsel: 
if their 
that eco: 
Admit 
compreh 
édmittin 
construc 
which m 
Water; 
Dlete she 


re 


the ship. 


of concerning living conditions in America. 
_ noted, a leveling-off process in living standards is undoubtedly 
ceeurring throughout the world. 
| at Geneva, probably about the only department of the League 
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in new construction that is operating at over one third of its 
normal capacity. Therefore the present-day prices show an even 
greater differential than the percentages given above.” 

This might seem at firsthand, at least in some degree, to 
account for the unexplained $25 per ton. However, on May 10, 
1938, one of the major shipyards in the United States signed a 
contract for a very fine ship, the first of a group of fifty or more 
being built by the United States Maritime Commission, at a 
fixed contract price of $2,080,292. From then on began a tre- 
mendous upswing in the volume of tonnage being built, not only 
by this yard, but by all the major shipyards in the United States. 
So great became the building program that the Maritime Com- 
mission has taken steps to encourage the expansion of shipyard 
facilities in order to proceed in an effective manner with its 
program. In view of this condition, it would seem that a point 
had been reached at which American shipyards might be con- 
sidered to be operating under what should be their maximum 
efficiency. From personal inspection, it is a fact that this ship- 
yard had every way filled on July 11, 1939, a little over a year 
later, when a bid was entered upon a similar ship but 1000 tons 
smaller and about 2 knots slower. The price submitted was 
almost identical with the earlier contract price cited, namely, 
$2,020,000. 

The Merchant Marine Act of 1936, under which these ships 
are being built, definitely limits the top salaries that can be paid 
to anyone in the yard or, at least, that can be charged against 
Further, it requires that there shall be paid back to 
the government any profit in excess of 10 per cent of the total 
contract price. The motive is therefore not excess profits. If 
any remedy is to be found for the seemingly excessive high cost of 


- tonnage, it must lie entirely in a more economical operation of 


our yards. 
It is not proposed that there should be any change in the 


| standard of wages or living conditions, either in United States 


shipyards or on American ships. The remedy cannot lie there. 
As a matter of fact, perhaps this idea of standard of living is a 
little out of perspective. Measured by automobiles and radios, 


itis high, but measured by many of the other things that go to 


make up the life of a family, there may not be so much to boast 
As_ previously 


The International Labor Office 


of Nations which still functions, has for its avowed purpose that 


objective. 


Support by the American public can cure the situation afloat. 


_ In the case of the new American Republics Line, this support has 
' been given by the traveling public. It is hoped, eventually, that 
Similar support will be received from the shipping public. Cor- 


recting the high cost of shipbuilding, however, is an internal 


_ problem and one to which the general public may not contribute. 
| The National Council of American Shipbuilders has said: “Give 


uw some ships to build and then we will get the cost down.” 
That has been done and the reverse has happened. 

There seems to be but one answer to this high cost of American 
shipbuilding and that is the incompetency of the shipyards 
themselves. This incompetency does not apply to the quality 
f their work, but only to their ability to organize themselves so 
that economical work may be performed. 

Admitting that a ship is probably the most complicated, 
comprehensive, and difficult creation of modern civilization; 
‘dmitting that all the difficulties which enter into any kind of 
‘onstruction are encountered in the construction of a ship, to 
vhich must be added the difficulties of dropping the ship into the 
water; and understanding fully that the vessel must be so com- 
tlete she can sever all ties with the land for a long and arduous 


AND OPERATION OF MERCHANT VESSELS 67 


voyage far from any help except her own; admitting all the 
problems thus presented, there still seems, to the average layman 
visiting the usual American shipyard, a lack of organization and 
a certain amount of inertia between the several departments 
which are wholly unreasonable. 

The capital costs of a ship are inescapable. Whatever else 
happens, these costs go on and on. A ship earns money only 
when her wheel is turning over with pay load aboard, but she 
can lose money with alarming rapidity tied to a dock and charged 
only with interest and depreciation. Therefore, one of the vital 
elements of a successful maritime industry is the matter of 
capital cost. 

A noteworthy technical efficiency has been developed in the 
United States. The genius of men like Henry Ford has revolu- 
tionized the world in the last forty years; and what a strangely 
different civilization it would be were it not for the automobile 
industry. Some thirty years ago, there was grave danger that 
the automobile industry would develop into just a small enter- 
prise turning out a few high-priced cars a year—almost in the 
class of museum pieces. Today, despite all the high costs of 
American labor, the major factor in the export trade of the 
United States is the finished product of this industry, the Ameri- 
can automobile. It is the best and the preferred car in any 
market in the world and presents an amazing value for the 
dollar paid. It is the author’s hope that the technical efficiency 
which has produced the American automobile will be applied to 
produce an American merchant marine. 


RANGE OF SHip Prices iN GREAT BRITAIN 


The fluctuation of price in building ships has been ably illus- 
trated recently in a British publication.6 The steamer for which 
the diagram was prepared, and which may be considered as 
typical, is a single-deck type, with bare specifications, having a 
bridge, poop, and forecastle, and carrying about 7500 tons dead- 
weight. From this diagram, the building cost at the beginning 
of the World War, that is, the second half of 1914, was something 
over £7 per deadweight ton. It rose rapidly as the war progressed, 
so that by the end of 1915 it had doubled to about £15. The 
following year it went to £23 then to £26, and actually reached 
its peak at the end of 1920, when the price rose to £30. The slump 
of 1921 brought it to £13 by the end of that December, and to 
£9 by December 1, 1922. It stayed in that vicinity for the 
succeeding fourteen years, so that, in June, 1936, a price of £9 
12s prevailed. It rose slowly through 1936 and 1937 and by 
June, 1938, had reached £14 8s. By June 30, 1939, it slipped 
back to £13 6s 8d. 

On the same chart another curve is drawn showing the sale 
values of similar tonnage during the same period of time. While 
this follows in general the building cost, the sale cost being 
affected not only by the cost of building but also by the state of the 
market when built, it occasionally fluctuated considerably above 
or below the actual cost of replacement tonnage. For example, 
in 1932 and 1933, when there was almost no cargo in the world to 
be moved, this tonnage had a sale value of £32,000 although it 
cost to build in the same period £62,000 to £63,000. The 
diagram shows clearly that in periods of poor freight markets, 
the sale price of tonnage is less than the replacemeng cost; 
while in good periods it may greatly exceed replacement cost. 
For example, it is well known that a spurt of shipping activity 
occurred during the second half of 1937. For a few months then 
it was impossible to get tonnage. The building cost showed 
from £78,000 to £100,000, but in about the same period the sale 
price advanced from £60,000 to £125,000. 

In the same article’ the rather significant statement is made: 


“Fluctuations in Shipping Values,’ Fairplay, July 6, 1939, 
supplement, p. 23. 
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“We asked a well-known shipbuilder what he thought the 
future held, and he replied, ‘So long as we have a continuous 
demand for armaments I cannot see much hope for any reduction 
in the price of ships over the next year or two. The cost of social 
services is always increasing and there is never any hope of 
getting alleviation from this part of the cost of a ship as time 
goes on.’ ” 


PERSONNEL RELATIONS A VITAL FacTorR 


As previously noted, the marvelous creation which is a ship 
has reached a high state of development. Opportunities for 
advancement in the art of ship construction still remain, but 
probably far greater opportunities lie in that field of endeavor 
having to do with human relationship. 

Incorporated in a modern vessel are fireproof materials, 
watertight bulkheads, smothering equipment, and even machines 
for steering the vessel automatically, but in the end disaster can 
come and a ship will fail to function without the skillful guidance 
of a trained crew. Suppose an absolutely fireproof ship were 
built. Before she could move it would be necessary to introduce 
into her highly inflammable fuel. Before she could earn revenue 
her holds would have to be filled with inflammable cargo, and 
her public rooms with passengers careless with cigarette butts, 
careless with cleaning fluids, careless with electrical fixtures, 
all of which are necessary. Therefore, no matter how fireproof 
the ship may be to begin with, by the time she is loaded and 
ready to embark, she has added all the hazards which in building 
were so carefully avoided. 

Essentially, the crews which man merchant ships have been 
more or less allowed to develop themselves. In the United 
States this is particularly true where no effort at all is made to 
train any except a handful of officers in the two or three state 
training ships which are in commission, although the Maritime 
Commission has recently attempted to develop an extensive 
training program. 

A practical application of the social sciences and more en- 
lightened personnel relations are the evident needs of the im- 
mediate future. Among personnel there is a general lack of under- 
standing of the problems of management which confront a ship 
operator. It is not possible to blow a whistle at noon on Saturday 
and go home and leave the ship until Monday morning. Because 
of some dispute with the management, the ship may not be 
abandoned in some foreign port, or in mid-ocean until the dis- 
pute is settled. In the teeth of a gale, there is no opportunity to 
discuss overtime demands. A ship goes for days and weeks, 
and seemingly nothing happens and then, in an instant, disaster 
threatens. There must be complete organization, military in its 
authority, inexorable, and inflexible. The Soviet, attempting 
to operate its vessels by committees, encountered one disaster 
after another, and finally gave up the idea. Much that is per- 
fectly fair and proper and reasonable to be considered in the re- 
lationship between employer and employee, or boss and work- 
man on shore, must be abandoned entirely by the sailor. A 
new social science must be devised. 

There is also much yet to be done in the matter of systematic 
management. The unknown factors in operating ships will 
always pe numerous. The reduction of known factors to a work- 
able understandable basis should be prosecuted with all haste. 
Discussions of this kind assist. Probably more effective than 
anything else is the rapidly increasing availability of sound 

practical university courses in various phases of the marine- 
transportation industry. Young men completing these courses, 
if given proper subsequent training at sea, can eventually be- 
come of utmost value in the shore establishments. They are 
needed for analyzing the effect of all the factors that enter into 
the operation of a ship; for studying fuel consumption, the 
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loading and discharging of a ship, her scheduling and turnaround, 
and the accumulation and disposition of cargoes. 


CarGo-HANDLING PROBLEMS 


Probably the problem that has had the least attention, or at 
least has undergone the fewest changes, is that of loading and 
unloading cargoes. At least 25 per cent of a ship’s revenue goes 
into this operation, if she operates in the usual trades. In 
addition, while the vessel is being loaded or discharged, she is 
necessarily idle at a dock. The methods of loading, stowing, 
and discharging are in about the same state as they were genera- 
tions ago. The winches are a little faster and may be electrically 
driven, making them easier to control, but the old burton is 
still dropping down into the hold where a few men with hooks, 
crowbars, or their bare hands manage to hook on a sling load for 
hoisting and discharging on the dock. Or a sling load comes 
down to them, is dropped in the middle of the hatch, and is 
lugged by the men to some corner for stowage. There is a 
better way to do most of this that will occur to someone some 
day. Some experiments have been tried, but these have been 
limited to peculiar situations. For example, in the Seatrain- 
type ships, an entire carload of freight is loaded into the ship, 
car and all. Some cargo has been strapped to platforms which 
can be lifted out of railroad cars by spade trucks, run over the 
dock to the ship’s side, and easily slung on board, where frequently 
another truck picks it up in the hold. 

In the “Good Neighbor Fleet” of the American Republics 
Line, escalators are used, for discharging and loading fruit and 
coffee, in conjunction with continuous roller conveyers. A cargo 
elevator is now being installed in the blind hold of each of the 
three ships. Some cargo is now being handled by the line in 
containers. Of course, the railroads, particulafly abroad, are 
doing a very large container business. However these are only 
isolated cases, pointing the way to better methods which will be 
developed in the future. Now, only an infinitesimal part of the 
world’s cargoes are handled by methods which in any way may 
be considered efficient. 


Discussion 


GeorGeE H. Rocxk.* The author and the writer had similar 
assignments after graduating from the Naval Academy, as each 
was assigned at different periods to the same ship, the U.S.S. 
Chicago. When the writer graduated in 1889, she was the flag- 
ship of the “White Squadron.” Probably the author did not have 
the same interesting experiences, however, when wanting to go 
ashore and asking permission from the executive officer, who was 
an exceptionally fine and able seagoing officer but gloried in being 
something of a martinet. On being asked for permission to leave 
the ship, he would look at the writer quizzically for a full minute 
and then ask: “Tell me how you would pump out A-19 in the 
event of damage in that compartment.” If the correct answer 
was not forthcoming, there was no shore leave that day, nor the 
following day, unless the question propounded then was answered. 
It was always sure to be a different problem. 

The author makes the inference in his paper that it is his belief 
the Titanic disaster resulted in double bottoms being incorporated 
in the designs of later ships. To correct the record, it is nece* 
sary to state that double bottoms were fitted in ships long before 
the Titanic was built. She had a double bottom extending 
throughout her length. In the wake of the machinery com 
partments, the double bottom extended up the sides to a height 


6 Rear Admiral (CC), U.S. N., Retired; President, Webb Institute 
of Naval Architecture, New York, N. Y. 
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of about 7 ft above the keel. The height of the inner bottom 
elsewhere was in general about 5 ft. The 7'itanic had been ad- 
vertised as an unsinkable ship, but of course such advertisement 
would be taken with reasonable understanding of the design. 
Her damage, when she struck the iceberg at about 10 ft above the 
keel, extended over six compartments, i.e., the two forward 
boiler rooms and the four compartments forward of them. 
With these compartments full of water, no ship built at that time, 
nor at the present time, could remain afloat. Whether a double 
bottom, extending up the sides beyond the line of damage, would 
have confined the water to the outboard compartments, or 
whether, if the bulkhead deck had been watertight instead of 
weathertight, she would have remained afloat until the arrival 
of rescuing ships, are matters which we cannot know, but cer- 
tainly they would have had some effect. 

The writer is in sympathy with superliners and in that 
particular does not agree with the author. It is his belief that 
superliners are here to stay, and that the America only points 
the way for the ships of the future. If history is any guide, 
the America is far from the last word. The length and other 
dimensions of ships have increased at a slow but an unvarying 
rate from the beginning, and the changes looking to smaller 
ships have been for a short time only, when the increases in size 
again have been made. This trend was so well established in 
the minds of the Navy Department that some 12 or 13 years 
ago, When asked by the War Department for opinions as to the 
size of the new Panama Canal locks, the recommendations of the 
Navy Department were that they should be about 1300 ft long 
by 150 ft wide by 45 ft draft, in order to provide for what ap- 
peared to be the inevitable size of the ships about the end of the 
current century. Studying the records over the last 100 years 
discloses a steady and fairly uniform increase in length and breadth 
of 8 ft in beam and 80 ft in length for each period of 10 years. 
Probably sizes will not increase as rapidly in the future as in the 
past, due to considerations of cost, depth of harbors, etc. The 
Navy Department estimated an average increase of 5 ft and 50 
ft, respectively, per decade during the remainder of the century. 
Incidentally, it should be noted that the America is appreciably 
larger than the Washington and Manhattan. 

The author refers to the efforts of naval architects to produce 
nonsinkable and fireproof ships. We do not say that we can 


_ build nonsinkable ships, but we do say that we can build fire- 


proof ships in so far as all materials entering into the construction 


' are concerned. This, of course, as the author points out, does 
hot make the cargo or the fuel oil fireproof, but ships are fitted 
| with very efficient smothering devices for extinguishing fires in 
the cargo holds and, furthermore, the principal disasters at sea, 


due to fire, are not those in which the fires have started in cargo 


_ holds or fuel-oil compartments. They have been fires due to the 


use of combustible materials in the constuction of the ships, such 


| 88 was the case in the Morro Castle. 


The speaker refers to the slight justification for other than 
electric power for auxiliaries, and mentions the steering gear and 
It seems such a short time ago, about 25 years 
actually, when we in the Navy had to remove the electric-galley 
installations that had been made because they failed so quickly 
and completely in use. Fortunately, the electric-supply com- 


panies, by studying the particular requirements of galleys on 


board ship, succeeded in designing resistances, connections, etc., 
which made them practically foolproof. After a brief interval 
of time, the electric galleys were reinstated, until now, as the 
author informs us, they have almost completely displaced the 
oil-burning type of galley. 

As to the steering gear, it seems also but a short time ago 
When we were spending so much time and energy in making the 
telemotor gear function, but, fortunately, before we had to give it 
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up as an impossible job, the electric steering gear came into gen- 
eral use. 

The speaker stresses the advantage of electric drive because of 
the elimination of vibration. That does not appear to have 
applied to the Normandie. 


J. F. Merren.? The author apparently has presented this 
paper as a résumé of the present conditions and trends in opera- 
tion, design, and building of ships and some of the causes respon- 
sible therefor. Such papers naturally represent the considered 
opinion of the author, and their value largely depends upon the 
integrity of the basic facts which are used to support these opin- 
ions. 

Under the heading ‘‘Developments in Hull Construction” 
reference is made to the Titanic disaster, which is stated to have 
brought about a complete revision of bottom construction, lead- 
ing to the adoption of double bottoms in the merchant marine 
long after that design had been adopted by the Navy. The 
Great Eastern, completed in 1859, was provided with a double 
bottom carried up to the lower deck. Double bottoms were 
adopted in transatlantic liners built long before the Titanic was 
thought of. The Paris and New York, completed in 1890, had 
double bottoms with advanced transverse subdivision, no access 
openings of any kind being provided through transverse bulk- 
heads below the main deck. The Titanic was provided with a 
double bottom. The disaster resulted from contact with ice 
above the inner-bottom margin, thereby opening up a series of 
compartments. All the transatlantic liners of that day were 
vulnerable in this respect as, when wing coal bunkers were pro- 
vided in the wake of boiler compartments, it was recognized that 
power-operated watertight bunker doors were of doubtful value 
in such emergencies. The change from coal to oil fuel and 
elimination of open bunker doors was the development which 
permitted a more rational approach to the matter of effective 
subdivision. 

Reference is made by the author to ‘‘the elimination of vibra- 
tion inherent in the electric gear.”” He states: ‘‘The turbo- 
electric drive has a high degree of maneuverability, reduces en- 
gine-room noise, and helps to eliminate vibration, since torsional 
vibration is practically absent from this type of machinery.” 

This reference to the matter of vibration is somewhat mis- 
leading, since there is no inherent advantage in this respect 
possessed by the electric drive over the geared-turbine drive. 
Both, so far as the driving end is concerned, are completely 
balanced units provided that they are properly designed and 
constructed. Uneven torque at the propeller, arising from vari- 
able wake conditions in the propeller path, may cause torsional 
vibration in line shafting regardless of whether the shafting is 
driven by turbogeared or turboelectric propelling units. More- 
over some of the most serious cases of vibration in the wake of 
passenger quarters arise from this variable propeller condition. 
The Normandie, a turboelectric-drive ship, is a good example. 
The very satisfactory correction of the vibration, experienced on 
the first trips of that vessel, involved the correction of unfavor- 
able propeller conditions and interrelated structural factors. 

The author’s analysis of the cost of American-built ships and 
his claim that the differential between foreign- and American- 
built tonnage is largely due to the incompetence of American 
shipyards, seems to be based principally upon the fact that 
American automobiles are built as cheaply as foreign cars. He 
apparently feels that the quantity-production methods, special 
tool investments, conveyer assembly lines, etc., permitted in 
building 500,000 or 1,000,000 duplicate automobiles should be 
applied in a shipyard which is lucky indeed if it can get 4 dupli- 
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cate ships to build at one time. A proper and unbiased analy- 
sis will show that the differentials in cost between American and 
foreign flagship operation are not as great as the differentials in 
cost the American shipbuilder has to face in comparison with a 
foreign builder. Therefore, if the author’s contention in respect 
to American shipyards is based upon sound reasoning, the writer 
would suggest that he might dispense with any form of govern- 
ment subsidy to the steamship lines he represents, by applying 
the same measure of efficiency to their operation. 


B. E. Mevurk.® A serious situation facing the shipowner, 
which has not been commented upon by the author, and which 
the writer believes should be given some thought, is the condi- 
tions of regulation and inspection of vessels imposed by the 
government on the shipowner. Shipbuilding and ship operation 
are of greater interest internationally than any other industry in 
existence. It has been found, therefore, of advantage to make 
rules and regulations in connection with the construction and 
safe operation of vessels somewhat uniform among nations. To 
create a mutual and common understanding of these problems, 
international conferences are held at which technical experts 
from the various maritime nations seek agreement upon con- 
struction features of ships and machinery in line with advances 
in the art. The most important conference of recent years was 
held in London in 1929. In the United States, however, there 
has been a tendency during subsequent years to exceed greatly 
the standards of safety agreed upon at that conference. 

When accidents or catastrophies occur at sea, it is the practice 
of American newspapers to report the incidents in a sensational 
manner, which tends to play on the emotional side of the public. 
Senators and Congressmen feel it to be their duty to submit bills 
to Congress for the purpose of preventing the recurrence of such 
disasters. The laymen and average citizen never realizes that 
ships at sea constitute the safest means of transportation in exist- 
ence and that these accidents are relatively small considering the 
magnitude of the business of ship operation. Of late, Congres- 
sional investigating committees have caused excessive regulation 
in construction of ships and control of steamship lines, which 
has resulted in increased shipbuilding and operating costs. 
Furthermore, it has interfered with the design and construction 
of a proper ship to meet strictly competitive trade conditions 
with foreign ships, particularly with reference to suitable cargo 
holds and the net registered tonnage which can be obtained for a 
certain cubic or cargo-lift capacity. 

Due to the fact that the United States has imposed a far greater 
burden and responsibility on the shipowner than, for instance, the 
government of Great Britain has done, embarrassing conditions 
are likely to occur when chartering vessels of that country’s 
flag. To illustrate this point, at the present time the author’s 
company is having an important case tried in the U. 8. Federal 
Court, in which the cargo underwriters are prosecuting an 
American steamship line as charterer of a British ship, for the 
loss of their cargo. After the casualty had occurred, the ship- 
owner, the seaworthiness of the vessel, and the conduct of its crew 
were investigated by the British Board of Trade, and the vessel 
was declared seaworthy, while the shipowner was exonerated and 
exempted from responsiblity. However, as the cargo was owned 
by American interests and the party issuing the bills of lading was 
an American steamship company, the seaworthiness of this par- 
ticular vessel and the owners’ responsibility must now again be 
established in court under the American laws. It is easy to 
understand how embarrassment may occur if the laws and regula- 
tions of one nation establish different requirements from the 
laws governing steamship operation in another. Inevitably this 
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will occur if we depart too greatly from international opinions inf yas ¢ 
regard to seaworthiness and regulations of safety of a vessel. Than! 
KE. H. Riga.’ Referring to the section, “Developments in yan 
Hull Construction,” the author states that the 7'tanic disaster apie 
brought about a complete revision of bottom construction and led tigi 
to the adoption in the merchant marine of the double bottom long clon 
after that design had been applied to naval vessels. This is a a y 
somewhat misleading statement. The earliest forms of merchant- _— 
ship double bottoms go back to about 1855; the modern doubk saat 
bottom is recognizable as far back as 1875, since which date they f HC 
have been fitted in increasing numbers and improved forms ie 
At the time of the 7'itanic disaster in 1912, they were well-nigh pa 
universal in deep-sea passenger ships, whatever may have been « — 
the case as to coastwise vessels. At that time, there doubtless machi 
were many single-bottom deep-sea survivals but not so for ships the fur 
then or recently building. Warships may well have been ahead paneer 
of merchant ships in this respect; it is doubtful if many double 7. 
bottoms of date prior to 1860 could be found in warships. The 7 
widely known Great Eastern, 1858, was built to a design involving author 
much that was ahead of its time, among other things, a full 7 « 
double bottom. 
The author refers to flooding curves, inferentially, as a modern, seo 
post-Titanic development. They have been used and applied in be in f 
their present form since 1890 and doubtless in earlier forms before The 
that, especially in warships. that a 
Stability in damaged condition has always been with us; in Sinai 
recent years, oil fuel has increased the dangers and complicated> the ee 
their determination, but practical methods of assessing the ad- 1 - 
verse effects of damage on a ship’s stability have been devised ie hs 
and made available. 
The author draws a picture of the difficulties of the navalf pee 
architect in satisfying all the demands of the owner’s different ena 
departments, in one comprehensive design; one reply is that the Sis od 
owner should know enough of his business to talk directly to his site th 
architect and handle his department heads himself. Leaving it sumptic 
to the hapless architect to “trade’’ one departmental chief sinh - 
against another does not help the owner much in getting a good nn - 
ship; it might well increase the costs. Re a 
The statement is made that ‘most of the formulas used i: dis ess 
designing a ship are inevitably arrived at by the trial-and-errof pa evel 
method.” That word “inevitably” is well placed. For a shi yo 
floating in smooth water, we need little or no ‘‘trial and error; F These 
like the bridge engineer, we can design quite closely; then ovf day's i 
troubles begin. Even harbor vessels bump against piers—hor i importa 
hard? A clumsy tugmaster can, in an instant, make the cleveres Other 
mathematics look sick. He does not necessarily have to be clums} I requiren 
he may have the bad luck of wind, tide, fog, and other vesse— a we 
getting him ina tangle with but little, if any, fault of his own. “am 
Just what margins over and above “‘accidentless’”’ operating” inchudin, 
stresses is the owner willing to pay for? This still leaves our off 2 Kx 
friend “corrosion” out of the picture entirely. The big trial an thing bu 
error is in the inconsiderate action of the ocean. Any cleve but effi: 
skeptic, who goes to sea and watches a first-class Atlantic stor less effic 
will come home considerably sobered as to his ability to calculs a | 
the stresses set up in the hull structure by the action of the sup way 
porting water. older shi 
Improved educational and training facilities have been givit);,.. nail 
us a steady stream of well-educated young men for many yes") 2 ‘ Th 
past. In spite of this, we still hear from time to time, that 08 virtually 
old friend the sea has caused “cracks’’ to develop in ships. TY complex 
main point is that the clever young men are not quite clevé without f 
enough yet and the “conservatives” still have their uses in sh]j}—_ 
structural design. ” Presi, 
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Another former trial-and-error process of the first importance 
was that of hull form and the power necessary for a given speed. 


- Thanks to William Froude and his disciples, that phase has 
I 


yielded to treatment; all the competent naval architect needs 
nowadays is a reasonable time and cost allowance for model 
experimentation. Any questions not settled by model tests, to 
an accuracy of within 2 or 3 per cent, may well be left for experi- 
ence to determine. With regard to such testing, we do not claim 
to know it all, but the progress of the last two generations has 
been great. 


H. Gerrisy Smiru.'® From the standpoint of a ship operator, 
this paper presents an informative analysis of the characteristics 
of present-day merchant ships, particularly as to their types of 
machinery; the evolution of ship design over a period of years; 
the fundamentals of design; and the problems of the designer in 
reconciling the many demands of the various branches of ship 
operation. 

The writer can agree with many of the observations of the 
author until he reaches the section on “Ship Construction Costs;” 
even then, there is agreement with some of his statements in that 
section. However, the writer wholly disagrees with his conclu- 


sion that the high cost of ships is due to “‘the incompetency of 


the shipyards themselves.”’ Such a conclusion is considered to 
be unfair and unreasonable. 

The author asserts that “our shipyards build good ships’’ and 
that ‘‘they are the equal of ships built anywhere in the world and 
the superior of many.”’ The writer would go further and say that 
the ships we are now building are of more exacting specifications 

and, therefore, are in many respects superior to those building 
anywhere abroad for simHar service, and are far ahead of those 


f built in this country 10 years or more ago. 


Since the previous war, the speed of cargo vessels has been 


‘f increased on the average from 11 knots to 15'/. knots. On the 
‘> basis of earlier designs, such an increase in speed would require 


-more than double the power and, therefore, double the fuel con- 
‘sumption. However, improvements in form, propulsion, and fuel 
) per hp-hr have kept the fuel consumption per knot to practically 
the same for the 15'/:-knot ship as for the earlier 11-knot ship. 
Reduction in the weight of the ship by the use of welding and 
»the use of more efficient machinery have resulted in a greater 
deadweight carrying capacity within the same over-all dimen- 
sions. 
| These improvements have made it possible for 3 ships of to- 
| day’s design to do the work of 4 ships of the older design—a very 
» important point to be kept in mind in any discussion of this paper. 
Other features of the design to meet owner and government 
/ requirements or to comply with new acts of Congress to make a 
"more workable and a safer ship are as follows: 
1 Improved accommodations for all members of the crew, 
vincluding locker rooms, washrooms, and recreation spaces. 
2 Extension of electricity to the point where virtually every- 
thing but the main engines are operated electrically. Expensive 
but efficient electrical equipment has replaced less expensive and 
less efficient steam-driven cargo winches, steering gear, anchor 
gear, capstans, and engine-room auxiliaries. Its use has made 
possible the development of desirable equipment unknown in the 
older ships, such as automatic alarm systems, remote controls, 
fans, and mechanical galley equipment. 

3 The simple cowl ventilators for natural ventilation have 
Virtually disappeared from the latest ships and in their place are 
complex mechanical ventilating systems. Cargo holds, once 
without ventilation, are now well aired by special air-conditioning 
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equipment in order to minimize the spoilage of perishable cargoes. 

4 Ratproofing for the preservation of health of passengers 
and crew and the protection of cargo. 

5 Greatly extended use of fire-resistant materials; passenger 
ships are divided into zones to localize fire should it break out, 
requiring the insulation of many bulkheads and decks within these 
spaces which would not otherwise be needed; noncombustible 
material instead of wood in stateroom construction. 

6 Greater subdivision of ships for safety. 

7 Higher standards for lifesaving equipment; 
watertight doors; 
capacity. 

8 Radio direction finders; electrical sounding devices; 
gyrocompasses and mechanical steering apparatus to take the 
place of the compass and the lead. 

9 More outside rooms for passengers on passenger vessels. 

The additional requirements must be warranted by a resultant 
increased efficiency and safety or a reduced operating cost, but 
certainly the increased cost due to their addition cannot be laid 
at the shipbuilder’s door. 

The cost of ships, however, does not stop with these added 
owner and government requirements for the following reasons: 

Wages today are higher than at any time in the past, including 
the war period and 1929. Shorter working hours required by 
law have increased the time to construct a vessel because many 
highly skilled operations cannot be carried on by second and third 
shifts. A longer time of construction increases the overhead 
expense. Overtime allowances have been increased. Vacation 
with pay is now quite general. Increased taxes, both local and 
federal, and social-security taxes, where none existed a few years 
ago, have added to cost. Increased labor questions following 
passage of the Wagner Act, the Walsh-Healey Act, and the Wages 
and Hours Act, and the increased expense of workmen’s compen- 
sation, by broadening the scope of state laws, have added to cost. 

National-defense features in some cases require more power and 
speed than are necessary for peacetime operation, thereby adding 
to cost; some defense features are an integral part of the ship’s 
structure and add to cost. 

These various elements of increased labor cost are not peculiar 
to shipbuilding alone, but are experienced likewise by the sup- 
pliers of material from whom the shipyard must purchase such 
items as steel, boilers, turbines, navigating equipment, and in- 
numerable other items. Practically all classes of material cost 
more now than in the past. There has also been an increased 
demand for special and higher-grade materials. 

Delays oceasioned by government inspection and approvals 
are vastly greater now than a few years ago. At the present time, 
plans of an ordinary cargo ship are subject to approval by the 
Maritime Commission, Navy Department, Public Health Serv- 
ice, and the Bureau of Marine Inspection and Navigation under 
the Department of Commerce. Plans are also subject to ap- 
proval by a classification society, such as the American Bureau 
of Shipping, Lloyd’s Register of Shipping, or both. 

The increase in shipbuilding costs is not limited to the United 
States. They have gone up abroad as well as here but, as stated, 
the requirements and specifications for American vessels are much 
more exacting than for foreign vessels in a similar service. 

Coming to the subject of shipbuilding versus the building of 
automobiles, the author appears to have reached his conclusion 
that shipyards are inefficient on the assumption “that the 
technical efficiency which has produced the American auto- 
mobile”’ is applicable to the production of an American merchant 
marine. In his own language, he admits that a ship is a highly 
specialized structure, as he states: “The tools must fit the job if 
the job is to be well done. There is no such thing as a ship satis- 
fying the requirements of all routes.’””’ He must know that to the 
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coatrary an automobile is a highly mechanized product. Wherein 
the latter is produced in great numbers, often as high as hundreds 
of thousands or even a million from the same designs, patterns, 
jigs, and fixtures, a ship is a custom-built product, of which only a 
few are ever fabricated from the same design. An entirely new 
set of plans and new patterns are required for each new type of 
ship. Furthermore, the use of costly jigs and fixtures for indi- 
vidual parts of a ship is not permissible except to a very limited 
degree, because of the high cost of production of such jigs and 
fixtures and the small number of ship parts that could be pro- 
duced from them. 

Limited study of the problems involved in the construction of a 
made-to-order structure such as a ship, as compared with a mass- 
production article, such as an automobile, will show clearly to 
anyone, who cares to investigate the subject, the essential dif- 
ferences in the methods of production employed for each and the 
effect of mass production on reduction of cost. A specially de- 
signed automobile, not standard, would cost many times as 
much as a standard automobile produced in quantities. 

Mr. Ford apparently overlooked the difference between auto- 
mobile construction and ship construction when he undertook to 
build 200 Eagle boats for the Navy Department during the pre- 
vious war (about half of which were completed), on an attempted 
construction basis similar to that used in building automobiles. 
If the writer’s information is correct, Mr. Ford lost money on 
that contract and it is noticeable that he discontinued ship- 
building. 

There are a few specific statements, in the author’s section on 
the cost of ships, requiring comment as, for example, the follow- 
ing: 

“When the United States Maritime Commission sent out its 
first invitations to bid on commercial tonnage, some startlingly 
high bids were received. The favorite explanation was that many 
unusual requirements were specified. The author is reliably 
informed that the Maritime Commission promptly met this 
situation by asking what reduction in price would be offered for 
the revision or elimination of any or all items or restrictions which 
imposed unnecessary expense. The resulting prices from the 
shipyards indicated that the effect of naval requirements on the 
bids had been negligible.” 

The last sentence in this statement would seem to have no 
bearing on the subject of the elimination of items, but the records 
show a very substantial reduction due to eliminations, running as 
high as 13 per cent. 

Reference is also made to the bid of one of the major shipyards 
on the C-1 cargo vessels. The gist of the statement is that 
««_.. this shipyard had every way filled on July 11, 1939, a little 
over a year” from the time bids were submitted on the C-2 
vessels until “a bid was entered upon a similar ship but 1000 
tons smaller and about 2 knots slower. The price submitted was 
almost identical with the earlier contract price cited, namely, 
$2,020,000.” 

In the first place, a reduction of $60,000 from the bid of 
$2,080,292 on the C-2 vessel is hardly an “almost identical” 
bid and, in the second place, a careful review of the specifications 
will show that the C-1 vessel had additional requirements over 
the C-2 vessel which are estimated to cost not less than $150,000 
per ship. 

On the occasion of the opening of the bids for the C-1 vessels, 
one of our shipbuilders was accompanied by a British shipbuilder 
who remarked that he would like to take a contract for the con- 
struction of these vessels at half the bids submitted. He was 
asked, ‘‘To the same specifications?” and he replied, ‘Oh no.” 
What the Britisher had in mind was a ship built to an entirely 
different specification. 

While foreign ships as built are undoubtedly satisfactory to 
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their owners they would not pass present American specification 
standards; the fuel economy would not be acceptable to the 
American owner; ratproofing and fresh-water arrangements 
would not be satisfactory to our Health Department; accom- 
modations and many other features of the foreign vessels would 
not meet the standards of our Maritime Commission and of the 
Bureau of Marine Inspection and Navigation. 

At another point in his paper, the author states: ‘The Na- 
tional Council of American Shipbuilders (in 1928) has said: ‘Give 
us some ships to build and then we will get the cost down.’ ” 
He goes on to say: “That has been done and the reverse has 
happened.” This statement is, of course, in error as the actual 
quotations, within the last 2 years, for ships for the Maritime 
Commission and private operators, show that, in every case 
where bids are called on 2 to 8 ships, the bid per ship for more 
than one has been less than for one ship of a design. The average 
reduction in bids for 4 ships of the C-2 type is about 13 per cent 
each less than the cost of 1 ship; the average reduction for 4 
ships of the C-3 cargo type about 10 per cent less; the C-3 pas- 
senger-and-cargo type, about 11 per cent less; and the C-1 cargo 
type about 16 per cent less. 

An analysis of the bids on the C-1, C-2, and C-3 cargo ships, the 
C-3 passenger-cargo ships, ships for the Seas Shipping Company, 
for the Export Line, and for the Mississippi Shipping Company, 
shows that, for 60 of these ships where bids were submitted for 
group construction as well as for a single ship, the actual saving 
on group-construction bids would be in excess of $18,000,000; 
in other words, a sum sufficient to build 9 additional C-1 ships 

The Maritime Commission has performed a commendable job, 
through a substantial degree of standardization of ship forms and 
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characteristics, which has made possible the ordering of groups oi 
ships of the same design, and has thereby effected considerable 


savings, as indicated for each ship of a group, under the cost of «f 


single ship of a given design. By limiting the number of designs, 
it is permitting the program to be carried out with a much smaller 
technical staff of shipyard employees than would otherwise bk 
the case. 

The author is also at a loss in his paper to reconcile certai! 


figures presented by the National Council of American Ship 
builders before the Committee on Merchant Marine and Fish f 
eriesin February, 1928, in which statement the National Counc. — 
presented certain figures as to differentials in shipbuilding costs 
in the United States and abroad. This statement of 1928 haf 
However, 
reconcile the figures of the National Council it should be notey 
that the statement referred to a price of $125 per ton for a l¢— 
The 
author states that at that time ‘The building price of this class of 


little to do with the present-day cost of ships. 


knot freighter, built to American design and specification. 


tonnage in Great Britain varied between $42 and $45 a ton 
Taking account of the National Council’s figure for cost diffe: 
ential, he cannot reconcile an apparent difference unaccounte 
for of $25 per ton. The answer to this apparent discrepancy * 


to by the National Council is a far different type of vessel free 
the simplest type of freighter on which quotations appear fre 
time to time in the British press. 

The shipbuilder offers no apologies on the subject of efficient’ 
There are numerous shipyards in the United States in differ’ 
geographical locations, owned by different interests, run by © 
ferent managements, and each is doing its best to devise ws" 
and means of building ships at less than the cost to the ot 
fellow. Competition alone is a sufficient incentive to each sb 
yard to do its best to produce at a minimum of cost. 

Every conceivable method to increase shipyard efficiency ® 
been studied and those judged to be sound have been adopt 
Some yards have built up extensive organizations for produ 
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plans covering every detail of construction, for arranging schedules 
for the orderly progress of each part of the work, and with ample 
supervision to see that each workman knows exactly what he has 
to do and that he does it at the proper time to dovetail into other 
work under way. Other yards have tried and are trying the plan 
of keeping down organizations, issuing only the least possible 
instructions, and leaving it as much as possible to foremen and 
workmen to build the ships. Some yards have production de- 
partments of considerable extent and a production manager whose 
sole duty it is to provide for the most efficient possible production. 

The shipyard practices of the different shipyards are well 
known each to the other and there is at least a general knowledge 
in American yards of the practices in foreign shipyards. It is 
incredible that those same shipyard managements which have 
produced efficient designs and “good ships’”’ have not devoted 
equal energy to the development of efficient methods of produc- 
tion. 

As a matter of fact, the going shipyards of the United States 
have kept their equipment up to date since the last war, many 
times when there has been promise of but little work ahead for 
them. They also have given close attention to the development 
of efficient methods of shipyard operation. 

Anyone, of course, might obtain an opinion about the efficiency 
of shipbuilding by a careful investigation and study of the indus- 
try, and that is always invited. It is quite apparent, from the 
analysis that has been made in the foregoing of some of the 
statements in the paper in question, that the author has not 
studied conditions in the shipbuilding industry carefully or he 
would be more conversant with the facts. There appear to be 
no facts to justify his conclusion of ‘‘shipyard inefficiency.” 
The writer is quite sure-that any disinterested investigation of 
shipbuilding will show that the industry is well abreast of other 
American industries in its efficiency, and far in advance of many. 
In relatively few industries has the progressive development of 
both the product and manufacturing methods been so noted in 
the last 20 years. It might be concluded that the operation of 
ships is inefficient, but the writer’s opinion would not make it so. 
The writer’s background of experience in ship operation is not 
sufficient to justify reaching such a conclusion. 

The shipbuilding industry is appreciative of the problems con- 
fronting the ship operator and has every reason to be sympathetic 
toward their solution. No shipbuilder profits in the long run 
Every shipbuilder 
therefore has every reason for reducing the costs of shipbuilding 
in order that his yard may remain active. But the shipbuilder 


_ has to provide what is ordered, not what is least expensive. His 
‘id is controlled by the specifications. He is confronted in his 
| Operations by many matters largely beyond his influence. His 


own best interests are served by a policy of fairness to all elements 


| concerned in the problem of upbuilding the American merchant 
marine. 
*® ods, he would be the first to desire to correct it. 


If there were anything inherently unsound in his meth- 


The shipbuilding industry is proud of its achievements in the 


| design and construction of vessels, and in shipyard operation and 


believes it has been well at the forefront in the advancements 


» that have been made by industry in the 20-year period since the 


previous war. 


AvuTHOR’s CLOSURE 


In this closure I wish to express my appreciation of the con- 
sidered discussions. Frankly, one of my purposes was to develop 
argumentation, particularly on the question of American costs of 
shipbuilding, and at least in this design a success must be admit- 
ted. In this closure it is not my purpose to prolong disputation, 
but merely to explain my point of view. Necessarily, in prepar- 
ing a paper such as this, to be delivered in a limited time, one 


should eliminate all material possible. 
been done the paper remains too long. 

Doubtless the best refutation is a disclosure of error on the part 
of the opponent. I was careless in my reference to the Titanic 
and neglected to explain that I used the popular conception of the 
disaster rather than the technical one. However, Admiral Rock 
and others have carefully rectified this error, and there is nothing 
to be gained by a further discussion of it. 

Mr. Metten has placed deductions in my paper which I do not 
think can fairly be found there. The paper was prepared for the 
consideration of a distinguished gathering of engineers. With 
men of this caliber it certainly would have been a waste of time 
to have elaborated my reference to the efficiency of an American 
automobile by an explanation that the building of a ship and the 
building of an automobile were not similar in so far as one could 
make use of quantity production methods. One of the speakers 
referred to the Eagle boats assembled by Mr. Ford during the 
war as a shocking example of what a mistake it would be to apply 
any automobile technique to the building of a ship. The fault 
with the Eagle boats was not with their assembly, which was re- 
markably well done. The fault was entirely one of design. I 
speak from the knowledge of having been the master of an Eagle 
boat on several extensive voyages. 

In the discussion it was stated that a proper and unbiased 
analysis would show that the differentials in cost between Ameri- 
can and foreign flagship operations were not as great as the 
differentials in cost the American shipbuilder has to face and that, 
therefore, if my deductions with regard to American shipyard 
cost are based upon sound reasoning, I as an operator might dis- 
pense with any form of government subsidy by applying the 
same method of efficiency. In my paper I stated that I believed 
that an operating subsidy for American ships would gradually 
disappear. On the other hand, I have yet to see this proper and 
unbiased analysis that in any way justifies the cost of building in 
American shipyards. 

Mr. Smith has kindly agreed with much that I have said, and 
I in turn agree with practically all that he has said. Certainly 
American shipyards and operators are burdened with a lot of 
requirements that add to the cost of the ship. Many of these re- 
quirements are of questionable value. The problem of cost of 
ship construction as developed in my mind, however, accepted 
all of these many requirements and still found the American cost 
too high. How could I come to such a conclusion? For several 
years there was doubt in our minds as to whether or not it would 
be possible to go along with an American shipbuilding program. 
During those years we submitted several times to good builders 
in the United States and to good builders abroad identical speci- 
fications. These specifications included all the extraordinary 
requirements of American-built tonnage. The differences in the 
bids received at the same time and on the same specifications 
were startling. They reflected no credit on American shipbuild- 
ing costs. 

From time to time this question of American costs has been 
discussed by me, informally to be sure, with the various ship- 
builders. They have always assured me that there was complete 
justification for their costs. If such a justification exists, it 
seems to me that it ought to be very easy to put it down in a 
provable analysis. To prove this cost the shipbuilders should 
not have to rely on mistakes made in my paper with regard to the 
Titanic, nor the date of flooding curves, nor the date of the first 
double bottom, nor the failure of Mr. Ford to build ships, nor the 
cost of ratproofing an American ship not required in a foreign 
ship, nor to the fact that a ten-knot freighter is a far different 
type of vessel from a fifteen-and-one-half-knot vessel, nor to the 
self-evident fact that shipbuilding and automobile manufactur. » 
are different processes. Mr. Smith states that a disinteresteu 
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investigation of shipbuilding will show that the industry is well 
abreast of other American industries in its efficiency, and far in 
advance of many. If this be true, it strikes me as curious that 
such a disinterested investigation has not been made, or if it has 
been made, it is not better known to those of us who ought to know. 

Mr. Smith states that the shipbuilding industry is proud of its 
achievements and believes that it is well in the forefront of ad- 
vancements that have been made by industry in the twenty-year 
period since the war. Complacency and self-glorification some- 
times obscure the vision needed for self-discipline and correction. 
The Shipping Act of 1936 unfortunately places a premium upon 
inefficiency in the shipbuilding industry. The shipbuilder is 
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entitled to ten per cent profit on his cost. Hence, the greater the 
cost the greater the profit. I made it quite evident in my paper 
that I was viewing the situation within the shipyards from a 
layman’s point of view and without adequate experience in the 
yard. To my inexperienced eye there was a great deal of lost 
motion in every direction. It is possible, even probable, that I 
am entirely mistaken. In all fairness, however, are we not en- 
titled to some tangible evidence of this? My purpose, f rankly, 
was to arouse discussion in the belief that discussion leads to 
enlightenment, and enlightenment to improvement. In view of 
the volume of discussion, it seems, at least to that extent, the 
paper has been successful. 
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Problems of the Highway User 
in the United States 


By FREDERICK C. HORNER,’ NEW YORK, N. Y. 


The present-day highway problem is made up of many 
elements, namely, cost of construction, ability of high- 
way users to pay for highways as they are built or during 
their life expectancy, the kind of taxes providing revenue 
to pay for highways, types of roads required, competition 
between transportation systems, and kindred matters. 
No single solution exists for all of these. The author 
analyzes comprehensively each of the elements of this 
nation-wide problem and suggests practical approaches 
to their solution. Of all the factors making up this prob- 
lem that of cost is probably dominant. How the costs 
are to be met is the crux of the situation as it now stands, 
with the ever-expanding highway needs pressing for action. 
It is the author’s view that a recent report of the Federal 
Works Agency, Public Roads Administration on the gen- 
eral question of ‘‘Toll Roads and Free Roads”’ offers the 
soundest long-range plan for national highway develop- 
ment yet advanced. A comprehensive analysis of this 
report has been included and appears as an Appendix to 
the paper. 


N A PAPER presented by the author at the World Engineer- 
ing Congress in Tokyo on November 4, 1929, the application 
of motor transport to the movement of freight and passengers 
was dealt with. In the ten years that have intervened, much 
progress has been made in this field of transportation, but largely 
along the lines of design, material, and construction of the vehicles, 
as compared with new uses to which they have been put— 
application. For example, ten years ago concrete was being 
“mixed in transit,” not so efficiently or economically perhaps, 
but being done. 
In the process of making these rapid strides in the use of motor 


_ vehicles, many problems, some quite serious, have arisen to 


confront the users of the highway. It is interesting to note 


_ that, in spite of this, the desire for individual transportation— 
_ the automobile—is so strong and the necessity for the truck and 
_ bus transportation services so vital to all of us that the march 
sever onward. 


An engineer need not always approach every problem of public 
importance from those technical points of view in which, by 
his training, he is particularly informed. An engineer is a 


_ citizen as well as being a technician; consequently, when broad 


national problems confront the citizens of a nation, technicians 


_ of all types properly are expected to view such problems not 


alone from their technical aspects but from the economic, 


_ social, recreational, educational, and other characteristics which 
» many of our problems now have come to possess. 


' Assistant to Chairman, General Motors Corporation. 
Prepared for presentation at the Highway Transportation Session, 


| the Society of Automotive Engineers cooperating, at the canceled 


Fall Meeting of Tue AMERICAN SocreTy OF MECHANICAL ENGINEERS, 


» Which was to have been held jointly with The Institution of Mechani- 


cal Engineers of Great Britain in New York, N. Y., September 4-8, 
1939. Presented at a meeting of the A.S.M.E. Metropolitan Section, 
October 31, 1939, New York, N. Y. 

Nore: Statements and opinions advanced in papers are to be 


' Understood as individual expressions of their authors, and not those 


of the Society. 
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Cost of highway construction; the ability of highway users 
to pay for the highways in the main as they are built, but surely 
during their life expectancy; the kind of taxes from which 
revenue is to’ be derived to pay for highways; the varieties of 
roads to be built; the economic welfare to be subserved by 
highways; and the maintenance of competition among and 
between transportation media; constitute a main portion, but 
surely not the whole, of the nation-wide problem which now 
confronts our highway users. 

It is a recognizable fact that the highway users in the United 
States cannot single out one phase or aspect of our national 
highway problem and maintain with assurance that the solution 
of the particular segment of the problem is the solution for the 
whole. Different individuals naturally select different phases 
of the problem as being most important but, for the purpose of 
the present discussion, it may be stated that the cost factor in 
the future highway problem of the United States is, if not the 
most important, at least an extremely dominant one. 

None of us could realize twenty to thirty years ago, at which 
time the modern highway era was first being planned economi- 
cally, technically, and legislatively, that it would sweep forward 
with that speed of construction and use which is now evident. 
Strong words are necessary to describe the 1939 highway situa- 
tion in the United States; perhaps stronger words are necessary 
in any attempt to describe the highway era to be further de- 
veloped during the next two decades. Gigantic costs already 
have been met; gigantic costs are yet to be met. Spectacular 
mileages of all types of roads, serving all parts of the nation 
and all citizens therein, have already been laid down and yet 
we continue to look forward to many great and necessary im- 
provements in our highway facilities. 


CONSTRUCTION AND MAINTENANCE Costs 


In considering the cost factor relative to highway building, 
maintenance, and amortization, it is natural to observe that it 
divides into two parts: first is the continuing and annual expense 
in building new highways; second, is the constant annual cost 
of maintenance. 

Referring again to the initiation of our highway era not much 
more than two decades ago, our arithmetic of cost at that time 
was all centered on the building of new roads. That was natural 
in what may be called the pioneer era of building highways in 
the modern manner. We then estimated total costs in the nation 
as a whole in millions of doliars. We now actually face highway 
costs which have been elevated into the billion-dollar classi- 
fication. 

Furthermore, we are now realizing that maintenance of high- 
ways, the cost of which we are beginning to realize after two 
decades of use of the highways first constructed, is the increasing 
feature in our national highway financing. Two or three decades 
ago the uninitiated thought that highways were practically 
everlasting and that the initial cost was the only cost, but 
as the years move along maintenance costs of highways are 
probably destined to equal or surpass costs of original construc- 
tion. 

Right here a word of advice, of warning, needs to be sounded 
in regard to the highway costs of the future. We can run 
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riotously into highway costs which will prove to be an extreme 
burden on the present and future highway users of the country 
if we build new roads, of whatever type they may be, far beyond 
present or prospective future traffic needs. Particular point 
may be made in this connection in regard to the transcontinental 
super toll roads, which some sources are now advocating be 
flung across the country, east and west, north and south, quite 
regardless of original cost, of traffic needs, and of assured 
methods of payment. 

An important service—it may be stated an epochal contribu- 
tion—to current thinking on this question has been rendered 
in the recent report of the Federal Works Agency, Public Roads 
Administration (formerly the United States Department of 
Agriculture, Bureau of Public Roads) on the general question of 
“Toll Roads and Free Roads.” Little comfort is found in this 
report by those who, with superenthusiasm, advocate super- 
transcontinental highways. Indeed the report of the Road 
Administration recognizes that engineers can build highways of 
the most elaborate kind and cost, if only some source of revenue 
will provide the money. But that is not the question. The real 
question is: Do we need these superhighways? Connected 
with this question is the correlative one relating to the ability of 
highway users to pay for such roads. 

The high spots of the Road Administration’s report are as 
follows: 

Transcontinental superhighways cannot be supported by 
tolls. 

There is no habit of transcontinental travel by highway. 

Less than 6 per cent of all trips outside of cities are longer than 
50 miles. 

Only a small portion of present traffic could be attracted to a 
toll system. 

Motor-vehicle traffic on main roads in 1960 will be virtually 
double that of today in miles traveled. 

There should be a system of direct interregional highways with 
necessary connections through and around cities. 

By-passes will not relieve congestion within and near cities. 

Ninety per cent of the traffic on main highways near cities 
is bound to or from the cities themselves. 

Express highways cutting directly into and through the centers 
of big cities are needed. 

An independent Federal Land Authority should be created, 
empowered to acquire lands needed for public purposes. It 
should be implemented to acquire, by purchase or condemnation, 
necessary lands for adequate urban and rural rights of way at 
reasonable costs, which would be sold or leased to the state or 
municipality on an amortized basis. It should also be empowered 
to acquire and sell excess lands for the purpose of recoupment. 

Such “excess taking’? would require changes in federal and 
state laws. 

In addition to the foregoing, this report is of such profound 
importance not only to all those connected with highway trans- 
portation but to every citizen of this country as well, that an 
appendix is being included with this paper which gives a compre- 
hensive analysis of the Road Administration’s findings and rec- 
ommendations. The author urges that it be read carefully. 

No criticism is being directed at multiple-lane highways where 
they are needed, but it logically may be concluded that our 
future building of new highways in the nation, and maintaining 
of our roads, will be a gradual evolutionary process, very much 
like the building of the present so-called primary highway system 
has been. It has taken us approximately two decades to get 
the primary roads built; to get them connected state to state; 
to get them flung across the country north and south, east and 
west. 

It is in regard to highway costs that the Report of the Road 
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Administration is a monument to that sound economic thinking 
which we must not surrender, unless we are willing almost wholly 
to disregard the ability-to-pay principle, as applied to the highway 
users of the nation. 

Here it should be pointed out that one of our most serious 
problems in the expansion and improvement of our highways is 
that of securing rights of way. It is no exaggeration to say this 
is the crux of the problems facing us. Unless and until means are 
found to secure rights of way within a reasonable time and at 
reasonable costs, amortized over a period of years, it will not be 
possible for us to proceed very rapidly in this important under- 
taking. 


ABILITY-TO-PAY PRINCIPLE OF TAXATION 


Closely akin to the cost factor in highways is that personal 
and economic factor frequently applied to taxation technique 
in all its forms, namely, ability to pay by those who are expected 
to pay taxes. Statistics have been compiled—which need not 
here be repeated—which show that the average highway user 
in the United States enjoys only a modest annual income, 
More than half of all family automobiles are owned by families 
which have an annual income of $1500 or less. In addition to 
this, the highway user drives a car the present average value of 
which is only $197. On this car he is already paying an average 
annual total tax of $53, more than enough to confiscate the value 
of his car in 4 years’ time. Less than 5 per cent of all cars are 
owned by families having an annua! income of more than $5000. 
Less than one third are owned by families with an income in 
excess of $2000. From trends which, fortunately, seem at least 
partially stopped by the joint activities of many highway-user 
groups, it has been concluded that the highway users of America 
could pay any taxes which any administrator or legislator cared 
to enact and to impose. On the contrary, for example, to the 
motorcar owner with an income of less than $1500 a year, a toll of 
one cent per mile would very seriously increase his cost of opera- 
tion and hence retard the usefulness to him of his motor vehicle. 

In former years it was the usual plan, when more money was 
needed, to increase the gasoline tax, to raise the registration 
fee, to enact a ton-mile tax, or to penalize the highway user 
further with constantly increasing charges for driver’s permits. 
These trends, not wholly eliminated but definitely retarded at 
least, have forced us to recognize that the average driver of the 
family car, or of the truck, is a person who is making his living 
from day to day by honest toil and is not blessed with fabulous 
wealth which can be taken from him by the imposition of various 
forms of motor imposts. 

Not the least occurrence in recent years which has caused 
the highway user to rise up in rebellion against constantly in- 
creasing costs of highway use, is his realization that the money 
he pays for highway revenues has been used in too large quan- 
tities for almost every other imaginable purpose of government. 
The question of the diversion of highway funds, iniquitous as it 
is in a highway era, has, however, served the useful purpose of 
awakening the highway users of the nation to a militant position; 
first, that revenues from motor imposts must be used for high 
way purposes; and second, that there is a limit of taxation, 
already reached, taking the nation as a whole, which limit is the 
ability-to-pay principle. This is always a safe yardstick to 
apply to any form of taxation. When this principle is dis 
regarded by lawmakers and administrators, the point of di 
minishing returns in tax revenues is reached, and public opinios 
characteristically solves the difficulty by taking into its ow? 
hands policy making in regard to taxation, as is now evident it 
regard to highway taxes and the dedication of highway reve 
nues wholly to road purposes. 

To the highway users of the United States this is rapidly be 
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coming a serious menace to their interests and, therefore, it 
seems desirable to explain more fully what is involved. The 
use of the revenues from the taxation of the motorists for pur- 
poses other than highways customarily is termed “‘diversion.”’ 
To understand the popular attitude toward diversion, attention 
must be devoted to the basic economic theory underlying the 
taxation of the motorists. 


BENEFIT TAXATION 


Originally, fees for registration of motor vehicles were required 
as a method of regulation in the use of the highways. In recent 
years, however, the intent has changed somewhat. The current 
conviction seems to be that the payments of such fees, in general, 
should vary according to the weight and the carrying capacity 
of the vehicle. 

Beginning twenty years ago the fee for registration was sup- 
plemented by the state tax on gasoline. It is contended that 
consumption of gasoline is a valid index of the economic benefits 
derived from use of the highways. If this contention is sound, 
such a levy taxes the motorist in direct proportion to his use of the 
roads. ‘The economists commonly refer to it as taxation in 
accordance with benefit. 

Both these taxes, therefore, originally were intended to com- 
pensate for use of the highways. Because of the very nature 
of the tax on gasoline, an exemption from the tax or a refund 
customarily is granted on all gasoline which is not actually 
consumed in the propulsion of motor vehicles on the highways. 
On the same grounds, the proceeds of the tax logically should 
be devoted entirely to the construction and the maintenance of 
roads. 


EARLY RECOGNITION 


The principle that revenue from the taxation of the motorists 
should be used only for roads was recognized fully in several 
states some years ago. In 1920 the electorate in Minnesota 
approved an amendment to the state constitution establishing 
a system of trunk highways and creating a sinking fund for the 
retirement of obligations issued to finance highways. This 
amendment required all funds from the taxation of motor 
vehicles to be deposited in the sinking fund. When the gasoline 
tax was adopted in Minnesota in 1924, the Trunk Highway 
Fund and the State Road and Bridge Fund were established. 
All of the revenue from this new levy was required to be de- 
posited in these two funds. 

The tax on gasoline first was imposed in Missouri in 1928. 
At that time, the electorate approved an amendment to the state 
constitution requiring all of the revenues from the taxation of 
the motorists to be used exclusively for highways. 

When Kansas first levied the tax on gasoline in 1928, a some- 
what similar provision was inserted in the constitution of that 
state. 

Some discussion of these constitutional amendments seems 
appropriate. In this country it is the custom to embody the 
fundamental principles of government into a single written 
document. The federal government, of course, possesses only 
those powers specifically granted it in the federal Constitution. 
All other powers, therefore, are reserved to the states. 

Rigid limitations upon the taxing power of the elective repre- 
sentatives always have been considered legitimate subjects for 
inclusion in state constitutions. In fact, such limitations are 
quite common and quite general. 


TENDENCY TOWARD DIVERSION 


In some states for simplification in accounting, a single general 
fund has been established and, as the state revenues are col- 
lected they are placed in it. ‘The appropriations for the financing 
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of the state government then are made from this same fund. 
However, in some of these states special safeguards have been 
erected to guarantee that the taxes collected from the motorists 
are expended for roads. Statutory provisions require the 
appropriation from the general fund of a sum equivalent to the 
yield of the levies upon the motorists. 

During the depression, there was a marked decline in the 
yield of the established sources of revenue for the financing of 
general governmental functions. The revenues from the taxa- 
tion of the motorists, on the other hand, showed a relatively 
stable yield. As a result, there was a strong temptation to 
divert the funds from the taxation of the motorists to supplant 
the decline in the revenues from other sources. This tendency 
naturally was strongest during the depth of the depression, but 
it still persists. In 1937, the most recent year for which detailed 
information is available, such diversions amounted to $161,413,- 
000 or 13.7 per cent of the total collections of $1,177,827,000. 


LEGAL SAFEGUARDS 


Recently there has been definite evidence of a reversion to 
the original concept that the funds should be used only for 
highways. As the electorate has become concerned over such 
diversion, its concern logically has become evident in a move- 
ment to amend the state constitution. This was the case in 
Colorado, for example. Extensive diversions of the highway 
funds in that state, during the early years of the depression, 
prompted the initiation of a constitutional amendment. The 
measure was approved at the election in November, 1934, pro- 
hibiting all diversion after July 1, 1935. Similar constitutional 
amendments were approved in California, New Hampshire, and 
Michigan at the election in November, 1938. 

The Congress of the United States similarly has disapproved 
diversion. No doubt many of you have some knowledge of 
England’s system of subventions and grant-in-aid made by the 
central government to the local units. Our system of federal aid 
to the states for highways is quite similar. It is the author’s 
understanding that the grants in England almost invariably are 
rigidly circumscribed, and that certain conditions usually must be 
fulfilled by the local governments before the funds can be ob- 
tained. In this country, certain requirements likewise must be 
met. One of the earliest was that the funds be matched 50-50. 

In 1934 the Congress imposed further restrictions upon the 
granting of federal aid for highways. The language of the Act 
makes it apply to ‘“Those States that use at least the amounts now 
provided by law for such purposes in each State from State motor- 
vehicle registration fees, licenses, gasoline taxes, and other special 
taxes on motor-vehicle owners and operators.’”” The maximum 
penalty for failure of compliance was to be the loss of one third 
of the annual allotment of federal aid. Two states, Massa- 
chusetts and New Jersey, thus have been penalized. 

The general public, therefore, fully is convinced of the logic 
of strict adherence to the basic tenet in taxation of the motorists 
in accordance with benefit. This conviction, in turn, is reflected 
in the acts of the electorate’s duly designated representatives in 
the state legislatures and in the Congress. The current trend 
clearly is toward more rigid adherence to the principle of taxation 
solely for benefit. 


Hiauway Touts No So.turion 


But what kind of taxes are we to have in our necessity to 
maintain all our present and future highways, and to build new 
roads? This question can be answered negatively and positively. 
The negative answer, briefly stated, is that the nation is not 
inclined to turn history backward and to resurrect and reinstate 
highway tolls. Some say casually that highway users once paid 
tolls so why not have them again. But such a casual state- 
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ment-—one can hardly dignify it with the use of the word argu- 
ment-—fails to realize that roads, upon which tolls once were as- 
sessed and collected, were built in the main by the use of private 
capital. Roads now are built by the use of public revenues. 
Highway users will not tolerate the imposition of tolls on high- 
ways for one simple reason. The people pay for the roads in 
motor imposts in the main. They will not pay tools for the use 
of an instrumentality for the construction and maintenance of 
which funds have been provided from public taxes. That is the 
whole answer to the highway-toll proposition. History is not 
going to repeat itself in regard to toll roads in the United States. 
Free roads, along with free schools, are two foundations of a 
representative democracy and our national forefathers, who 
started us going in the form of government we are now maintain- 
ing, made provisions for these two fundamentals of government. 

It is in this connection that reference again may be made to 
the report of the Public Roads Administration, ‘“Toll Roads and 
Free Roads.” This report does not condemn a toll if it is charged 
for a specific highway purpose, as for instance, a bridge over a 
navigable stream which, when paid for by tolls, becomes free. 
The exceptional conditions rendering toll collections feasible 
include also situations in which there is either an absence of a 
competitive facility or so great an advantage in the toll facility as 
to justify, in the minds of users, payment of the toll required. 
But the nation-wide application of the toll principle to super- 
highways is condemned. 

The report does not state, but one may reliably conclude, that, 
if tolls should be relied upon to pay for any or all highways, 
ultimately the tolls failing in this regard, recourse would neces- 
sarily need to be taken to increase motor imposts which are al- 
ready as burdensome as the average highway user can afford to 
pay. 

The positive answer to the form of taxes which highway users 
are to pay may be found in the statement that the motor im- 
posts, which are now being paid, seem to be the most logical 
method of highway taxation ever devised, if only in the nation 
and locally highway users will be on guard to prevent these 
imposts getting out of all bounds, in so far as the ability of the 
highway user to pay taxes is concerned. 

The gasoline tax is an equitable and rational method of re- 
quiring the highway user to pay in proportion to his use of high- 
ways. Obviously, all motor vehicles must be registered with 
some proper governmental authority. But the cost of such 
registration is a problem which public opinion, concentrated 
among the highway users, should decide rather than to rest 
such decision with administrators. 


FarM-TO-MARKET HIGHWAY 


The questions of the taxes paid by highway users and the 
motor revenues derived therefrom are directly related to the 
kinds of roads which are to be built in this nation. Reference 
has already been made to the multiple-lane or the divided high- 
way, where traffic density is known to require such a road. On 
the other hand, so to speak, of highway types, is the country 
road or, as it is now named in federal statutes, the farm-to- 
market highway. Between these two extremes, the country 
road on the one hand, the multiple-lane highway on the other 
hand, is comprised the future program of highway building 
and maintenance. To build one of these classifications of 
roads without the other would be an unbalanced program. To 
build them both in compliance with the information contained in 
the Report of the Public Roads Administration, as well as the 
highway surveys now rapidly nearing completion in the states, 
is the part of wisdom. 

Again public opinion must not be disregarded in highway 
matters. Public opinion gives recognition to the farm-to-market 
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highways, although 1t required two decades to accomplish this. 
Public opinion recognizes also that congested traffic nearer 
metropolitan areas is a modern problem which, for purposes 
of highway safety, as well as factors of economics and pleasure, 
must be supplied with modern-type multiple-lane roads. 

Fifty thousand communities in the United States have no 
ingress or egress for persons or for products other than by high- 
ways. ‘Twenty-five million automobiles, approximately, serve 
the families of America and the business of the nation every 
minute of every day. Approximately 4,250,000 trucks roll to 
markets, factories, and stores with products of all kinds. Here, 
for instance, are afew: The entire milk supply of 17 cities rang- 
ing in size from San Diego to Detroit. Nearly three fourths of 
all the milk used in New York and Philadelphia. More than 95 
per cent of all used in Atlanta, Baltimore, Pittsburgh, and San 
Francisco. All the milk that is consumed in thousands of smaller 
cities and towns from coast to coast. 

More than half of all fresh fruits and vegetables eaten in the 
thickly populated northeast section of the country. Ninety-five 
per cent of all that is hauled 300 miles or less to market. More 
than 5,000,000 tons of livestock, upward of 27,000,000 animals, 
from farm to market. Fifty-five thousand tons of butter to 
Boston, New York, Philadelphia, and Chicago alone. Nearly 
4,000,000 cases of eggs —upward of a billion eggs—to the same 
four cities every year. Buses make their valuable contribution to 
the transportation services of the nation to an extent which was 
undreamed of ten years ago; there are 130,000 now in use. 


MopERN TRANSPORTATION METHODS 


It is idle for anyone to state that highway transportation has 
not taken its place alongside the other methods of transport 
which the nation enjoys at the present time. Highways, rail- 
ways, waterways, airways, and pipe lines are the quintuplets of 
transportation in the United States. In other words, the eco- 
nomic welfare of the nation does not revolve around one trans- 
port facility, highways or otherwise. 

The railroads are in a competitive era. The people will be 
served in transport matters. They demand transportation at 
the lowest possible cost. They advocate also high qualities of 
service, which cannot be given them by any one method of 
transportation. Accent again may be given to the thought 
that public opinion is always a controlling influence in public 
affairs. The public believes in competition; the public is 
against monopoly in transportation or otherwise, because it is 
the public that pays the bill. Any plan, therefore, that would 
peg or freeze rates or carrying charges, thus killing competition, 
which in the case of transportation means efforts to render 8 
better service at a lower cost, is not in the public interest and 
should be fought to the last ditch, and in this country, at least, 
it is the author’s belief that it will be. 

Entering the decade of the 1940’s, we are at a period during 
which this question of competition in transportation will be 
adjusted, if not solved. Such adjustment or solution unques- 
tionably will be such as to benefit the average citizen if he, as 
a highway user, stands firmly for his own rights. But if, on the 
other hand, competition in transportation, through regulation 
and legislation, is made impossible and, if the public should be 
taught to believe that competition no longer is the life of trade 
in transportation and otherwise, then, inevitably, the citizen wil 
pay more in the future for transportation than he should pay, 
or than he is able to pay. He will get a poorer quality of service 
and will eventually discover that, after having paid to a large 
extent for every method of transportation we have, he is destined 
to get no competitive benefits from them. 

Unfortunately regulation by government has come to be, i 
recent years, an answer to almost every public question. Some 
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years ago, the railroads began to discover that they had com- 
petitors in the transportation field and that their half century of 
monopoly was ending. Immediately, those who spoke for the 
railroads-—and in a most natural way—-began to clamor that 
all other methods of transportation should be regulated to the 
same degree as the rails have come to be in a half century of 
development under the Interstate Commerce Commission. In 
other words, the solution of the railroad problem, as voiced by 
railroad representatives with their slogan ‘‘Equality of Oppor- 
tunity,” is to regulate the competitors of the railroads into that 
position of incapacity wherein they would be unable to render a 
cheaper and more flexible transportation service by highway. 


Less REGULATION OF TRANSPORTATION METHODS REQUIRED 


The people are beginning to realize—or perhaps they definitely 
do realize—that the solution of the highway problem in the 
United States is not to overcome, to subdue, and to neutralize 
competitive factors in transportation by the process of imposing 
extreme regulations on transport media, but lies rather in the 
other direction; to relieve the five methods of transportation 
from much of their regulations so that the people may be served 
more adequately by the very initiative of free, self-controlled 
management of free business enterprise engaged in transportation. 
But in recent years we have seen such extremes of regulation 
sought to be imposed against highway users as: Ports of entry at 
state borders; the denial of reciprocal arrangements among 
states; the diversity of sizes and weights for commercial vehicles; 
the threat of increased taxation; and encouragement given to 
diversion of highway funds. 

Recently we have seen forty-four state legislatures in session 
in as many states. Actually thousands of bills have been in- 
troduced having to do with highway transportation, many of 
which have sought to impose more regulations or more taxes on 
highway users, or both. Too many of these measures were 
negative in character; they sought to destroy; they were not 
written and introduced to aid one method of transportation, 
but primarily to harm a competitor. Few of these negative 
trends in state legislation were enacted into law, but it has re- 


| quired constant and almost superhuman activity on the part of 


highway-user organizations to keep the battle line of defense 
intact, and to prevent ridiculous and extreme regulations being 
imposed on highways. 

Highway use requires only two general categories of regulation. 
One is to provide for highway safety; the other is to protect the 
highways themselves by establishing uniform standards in 


| sizes and weights of motor vehicles. When these two regulatory 


requirements are in effect, any further advance in regulating 
highway traffic reduces its competitive influences and, to the 
same degree, denies to all of us those benefits from highway 
transportation which otherwise we would enjoy. 

It is not a sensible argument in a great nation like the United 
States to state that competition in transportation, the easing 
up on regulation rather than magnifying it, will ultimately 
tliminate one or more methods of transport. Some are even so 
inaccurate as to state that competition in transportation means 
that the nation would ultimately have only one method of trans- 
portation left. Such a conclusion is fallacious in the extreme, 
even though it is true that more than a hundred years ago 
one method of transportation, the newly developing railroads, 

| did make obsolete the then existing methods of transportation, 
the canals, and covered-wagon-type facility. 

But now we have 130,000,000 people who are moving from 
place to place to extents which were undreamed of by our fore- 
fathers. We have commodities now, both raw and manufac- 
tured, of such tonnage, volume, and variety that one method of 
‘ansportation could not possibly handle. We have uses for 


transportation now which formerly were seldom thought of, such 
as recreation, travel, pleasure, enlightenment, which no one 
method of transport is wholly qualified to give. As a result of 
this competitive era in transportation, all citizens will be bene- 
fited; highway users will be allowed more economically to enjoy 
and to profit from the highways of the nation; and the entire eco- 
nomic structure of the country will be strengthened. 

All of this question of regulation and legislation, centering in 
recent months in state capitols, more recently has revolved 
around Congress on Capitol Hill at Washington, where the effort 
for ten years has been to put all methods of transportation under 
the Interstate Commerce Commission. In the earlier years of 
the present decade, the slogan was “‘coordination.”’ Later this 
was changed in words but not in meaning to “equalization of trans- 
portation opportunities.” Both of these expressions meant, 
reflected in proposed bills and statutes, that by the methods of 
regulation competition in transportation either would be re- 
duced to a minimum or wholly eliminated, spelling higher trans- 
portation costs. 

Consequently the complete program of coordination of trans- 
portation media in the Interstate Commerce Commission has 
not been accomplished except in part. Motor carriers were 
placed under the Commission in 1935 with some support from 
certain motor carriers. Now it may be stated with some ac- 
curacy that those who represented motor transportation in 1935 
and in prior years and who sought federal regulation in the 
Interstate Commerce Commission alongside its rail regulation, 
with the experience of several years, are questioning the wisdom 
of their former position. This questioning attitude is strength- 
ened by a significant statement in the last annual report of the 
Interstate Commerce Commission, wherein the record is made 
that, as a result of the Motor Carrier Act of 1935, highway trans- 
portation is more comprehensively regulated than are the railroads. 
This statement would appear publicly to give recognition to the 
startling fact that, in less than one half a decade of federal regu- 
lation of motor vehicles, a strait-jacket of regulation has been 
drawn as tightly, or more tightly, around motor transport than 
had been accomplished in regard to the railroads in half a century. 


Errorts TO REGULATE ALL TRANSPORTATION 


In the last session of Congress, the regulation-type solution of 
the problems of all users of transportation in the United States 
continued to be the one most relied upon in the consideration of 
so-called railroad relief bills. The effort was first made to put 
air transport under the Interstate Commerce Commission—that 
failed. The effort was made to impose on highway users the 
commodities clause which for a quarter of a century has been 
in operation for the railroads and which, if imposed on other 
methods of transport, would, for instance, deny a baker, a farmer, 
a carpenter, or any other citizen having his own motor vehicle 
the right to haul his own products to market. The effort to 
put the commodities clause on highways, waterways, air lines, 
and pipe lines was indeed the nth degree of the ambition to cure 
all troubles by the process of regulation. That effort failed, as 
it deserved to fail. But the problem of regulation and legisla- 
tion, both at Washington and in the forty-eight state capitols 
is a continuing one and largely revolves around the question 
whether or not competition in transportation is to be continued. 

New communities, new enterprises, and new opportunities have 
everywhere followed the development of new and better means 
for moving goods and people. But progress in transportation— 
the reduction of distance in terms of time and cost—is in a larger 
sense only a symbol of expanded horizons in every field of ac- 
tivity, a symbol of the opportunities that have been created by 
the capitalization of technological progress, and indicative of the 
future contribution of science and industrial research. 
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As an expression of this concept of the economic and social 
functions of transportation and its impact on industry as a whole 
in the world of tomorrow, the author wishes to direct your 
attention to General Motors’ New York World’s Fair exhibit of 
the last season, which many of you visited and which was built 
around the theme, “Highways and Horizons’”—broadening high- 
ways of transportation, with expanding horizons of industry. 

The “Futurama” in effect is a panoramic tour of a cross section 
of the country as it might appear in 1960. From moving sound 
chairs the visitor sees, as from an airplane, a dramatic conception 
of the towns, cities, and farms of twenty years hence. New high- 
ways link the cities. Feeder roads tap fertile agricultural areas. 
Produce of the farm moves swiftly to market. Industrial prod- 
ucts are carried more economically to consumers in every com- 
munity. 

The cities themselves are decentralized. With convenient 
suburbs taking the place of congested areas, with city traffic freed 
by wide, open thoroughfares leading into and through metro- 
politan areas, a new type of city community is made possible. 
Workers are enabled to live at a distance from their employment. 
Suburban and farm dwellers have new access to town and city 
conveniences. Everywhere are evidences of quickened economic 
and social life. Better homes, better schools, more plentiful 
parks and playgrounds, new industries, more healthful surround- 
ings, have in this fantasy of 1960 expanded horizons of living for 
all. Truly a marvelous conception of the possibilities for eco- 
nomic and social progress. 

A free interpretation of the forecast into the next two decades 
given us in the Public Roads Administration report, ‘Toll Roads 
and Free Roads” would be that highway transportation will 
move forward in the nation gradually; that highway costs, both 
for construction and maintenance, will be constantly kept in 
mind; that no great departure from practices now well estab- 
lished in regard to free highways will be tolerated; that, although 
it is possible for highway engineers to build any type highway, 
anywhere, economics and the ability of highway users to pay 
taxes will be observed in the construction and maintenance of all 
roads; that the question of rights of way for the future, more than 
in the past, will be of growing importance; that such rights of 

way, with the wider highways now needed in certain areas, might 
cost more than the ability of the highway user to pay will permit, 
unless proper steps are taken to expedite right-of-way acquisition ; 
and that the highways, being here to stay, must be allowed to be 
of the greatest possible economic use to the people of the nation. 


Appendix 


Congress, under the Federal Highway Act of 1938, directed 
the Bureau of Public Roads to investigate the feasibility and 
cost of building a system of transcontinental superhighways to 
be supported by tolls—such a system to be composed of not to 
exceed three roads east and west and three north and south. 

The report in its final form was transmitted to Congress by a 
special message from the President on April 27, 1939: 

“T recommend the report for the consideration of the Congress 
as a basis for needed action to solve our highway problems.” 

With this closing sentence, the President placed his stamp of 
approval upon findings and recommendations of the Bureau. 

The following language appears elsewhere in his message: 

“Tt shows that there is need for superhighways, but makes it 
clear that this need exists only where there is congestion on the 
existing roads and mainly in metropolitan areas.” 

The report is properly divided into two main parts, each re- 
plete with tables, maps, and plates setting forth statistical in- 
formation. The bureau has drawn extensively from the traffic 
counts and other basic data developed during the last two 
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years by the state-wide highway-planning surveys now being 
conducted in forty-six states, 


1—FEASIBILITY OF A SYSTEM OF TRANSCONTINENTAL 
TOLL ROADS 


IMPORTANT CONCLUSIONS 


The report asserts that a system of transcontinental super- 
highways cannot be supported by tolls; that the factual evidence 
clearly indicates, ‘‘direct-toll highways cannot be relied upon 
as a sound solution of the problem of providing adequate facilities 
for the vital and necessary transportation of the United States 
or to solve any considerable part of this problem.” 

From a purely engineering standpoint, the report shows that 
such a system might be entirely feasible, physically, and the 
construction could be completed by 1945, with a capacity suffi- 
cient to handle the traffic that would be developed by then and 
for the period 1945 to 1960. 

A toll superhighway must be so constructed as to offer a 
special attraction to traffic. It must have an adequate number 
of lanes to accommodate comfortably the peak load. It must 
offer advantages which loom larger than the tolls charged. 
The width or number of lanes must depend upon the maximum 
rather than upon the average use. 

The report finds that 400 vehicles per hour, divided equally 
in both directions, is a maximum which may safely be carried 
over a two-lane road without inconvenience. It has been found 
that a peak load of 400 cars per hour for certain hours will ap- 
proximate a total of 1500 vehicles per day, on the same road. 
It also finds that three-lane pavements are undesirable; they show 
no marked increase in the volume of traffic above that which can 
move comfortably over a two-lane road. 

Traffic exceeding 1500 vehicles per day should be carried on 
divided four-lane highways. 

The year 1960 has been selected as being far enough in the 
future to permit of careful long-time planning. Furthermore, it 
is estimated that by that year the motor-vehicle-traffic mileage 
will be double what it is today. 


EsTIMATED Cost 


Pursuant to the directions of the statute and after a thorough 
analysis of the wealth of basic data concerning volume, character 
and range of traffic, the condition of existing highways, and the 
need for new facilities, the bureau selected approximate location: 
for six superhighways, the total length of which as projecte: 
would be 14,336 miles. The estimated cost of constructing them 
to desirable standards would be $2,899,800,000 or an average « 
$202,270 per mile. 

The report answers any possible suggestion that proposed to- 
rates might be increased to provide the required revenue. | 
emphasizes the fact that the average motorist has an income © 
only $1500 per year. It also points out that even a supe" 
highway toll charge of 1 cent per mile would actually double th 
cost of operating a small automobile. The more money peop* 
spend for tolls, the less they have left to spend for operation © 
their vehicles. 

Toll rates which would probably produce the most favorab: 
rate for the system as a whole would average 1 cent per mile {* 
each passenger car and 3.5 cents per mile for each motorbus © 
truck, with the latter rate varying considerably with the weit’ 
and capacity of the vehicles. It is assumed that bus and true 
traffic constitutes 20 per cent of the total traffic. An approt 
mate average rate would be 1'/; cents per mile for each vehi 
regardless of type. 


PoreNnTIAL ToLt-Payina TRAFFIC 
The total utilization of these six superhighways in their entire’ 
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would not be expected to exceed 4,544,000,000 vehicle-miles of 
toll-paying traffic per year. The study indicates that 3,635,000,- 
000 vehicle-miles would be by passenger automobiles and 909,- 
000,000 by motor trucks and buses. This averages 12,450,000 
vehicle-miles per day, or an average of 699 passenger vehicles 
and 175 motor trucks and buses on each mile of superhighway 
per day. 

“The most optimistic estimated average daily toll-paying 
traffic for the period varies from a maximum of 5998 passenger 
automobiles and 1500 motor trucks and buses for the section 
from Jersey City, N. J., to New Haven, Conn., to a minimum of 
96 passenger automobiles and 24 motor trucks and buses for the 
section from Spokane, Wash., to Fargo, N. D.” 

The cost of construction, maintenance, and operation of these 
six turnpikes between the years 1945 and 1960 would average 
$184,054,000 per year. On toll rates of 1 cent per mile per pas- 
senger car and 3.5 cents per mile per bus or truck, the revenue for 
that period would only be $72,140,000 per year. “‘It is therefore 
concluded that a direct-toll system on these six superhighways 
in their entirety would not be feasible as a means of recovering 
the entire cost of the facilities.” 

Only a small portion of present traffic could be attracted to a 
toll system. Long-distance travel constitutes only a small 
fraction of the total. The majority of trips outside of cities is 
for less than 10 miles, and less than 4 per cent of all such trips 
are longer than 50 miles. Only 300 passenger vehicles cross a 
given line daily in transcontinental travel. There is no habit 
of transcontinental travel by highway. 

Vast portions of rural and interurban travel would never reach 
the nearest superhighway and could not be considered as even 
potential traffic for the system. Vehicles traveling shorter 
distances than the spacing between access points would not use 
the toll roads. 

A major share of the longer-range traffic could not be counted 
upon when adequate free highways approximately parallel the 
toll roads. The bulk of traffic would continue to use the main 
public highways. The remainder of potential patrons who are 
able and willing to pay the toll “in practically all cases is too 
small to support the cost of the desired facility except at a rate 
exceeding the willingness or ability of even these.” 


Heavy-TraFrFic SECTIONS 


The portion of the proposed system estimated to be most 
nearly self-supporting is the 172 miles from a point near Phila- 
delphia to a point near New Haven. With the increase in traffic 
expected by 1960, this portion alone would earn slightly more 
than its estimated cost for that year. Twenty-five other sections 
ire analyzed upon which the anticipated revenues for 1960 would 
produce from 91.8 per cent down to 50.5 per cent of the estimated 
cost for that year. Thus it will be seen that only 4000 miles 
of the entire 14,000 miles would come within 50 per cent of paying 
its way. 

The report suggests that, if Congress desires to make a test, 
& section of highway properly located between Washington and 
Boston would offer the best possibilities of attracting traffic 
2 sufficient volume to approach financing through the toll 
method. 


2—-A MASTER PLAN FOR FREE-HIGHWAY DEVELOPMENT 
CoMPONENT Parts OF THE PLAN 


The bureau, in addition to making a study of a suggested 
‘oll superhighway system, supplemented its report with a pro- 
posed ‘‘Master Plan for Free-Highway Development” throughout 
the nation. This calls for appropriate action by federal, state, 
td local governments. As desirable joint contributions of 


the federal and state governments, the report lists the following 
undertakings: 


1 The construction of a special, tentatively defined system 
of direct interregional highways, with all necessary connections 
through and around cities, designed to meet the requirements of 
the national defense in time of war and the needs of a growing 
peace-time traffic of longer range. 

2 The modernization of the federal-aid highway system. 

3 The elimination of hazards at railroad grade crossings. 

4 An improvement of secondary and feeder roads, properly 
integrated with land-use programs. 

5 The creation of a Federal Land Authority empowered to 
acquire, hold, sell, and lease lands needed for public purposes 
and to acquire and sell excess lands for the purpose of recoup- 
ment. 


In addition to these enumerated undertakings, the bureau 
concludes that: 

The federal government should recognize this national problem 
by advancing the funds essential to the purchase of lands neces- 
sary to this capital investment. 

These lands should be leased to the states and their sub- 
divisions for a period of years on a basis which will result in 
amortization of the cost. 

Construction of a special system of direct interregional high- 
ways, as referred to in item 1, would tentatively include 26,700 
miles of roadway. Existing main highways can be modernized 
to form a large part of that system, but some new highways will 
be needed to provide directness of travel. Although these 
roads represent less than 1 per cent of the total mileage of rural 
roads, the bureau estimates that they would serve, when im- 
proved as indicated, at least 12.5 per cent of the total rural- 
vehicle mileage. 


TRANScITY CONNECTIONS AND Express HIGHWAYS 


One of the striking characteristics common to all highway- 
traffic maps is a sharp enlargement of the bands representing the 
volume of traffic on the important highways as they approach 
the larger cities. Obviously, these enlargements have a local 
cause. In fact, they are caused by a multiplicity of short move- 
ments into and out of the city; and it is not uncommon to find 
that the traffic on a main route approaching the city is swelled 
to several times its volume a few miles from the city limits. 

Ninety per cent of the traffic on main highways near the 
entrances to large cities is bound to or from points in the cities 
themselves and cannot be by-passed around them. A large 
part of that traffic is destined to or bound from points in the very 
heart of the city or points conveniently reached by going through 
the center of the city. Express highways cutting directly into 
and through the centers of big cities are greatly needed, not 
only for through traffic, but also for daily in-and-out movement 
of local traffic between downtown sections and suburbs. This 
can best be handled on overhead or depressed highways, pref- 
erably the latter. 

By-passes may not be regarded as means for the relief of con- 
gestion of this kind. Even if the entire through traffic on the 
main highway could be diverted over a by-pass route, the volume 
of traffic on connecting streets at the center of the city would 
not be reduced by any appreciable proportion. Only a small 
percentage of the existing traffic at the city’s entrance can be 
diverted. The bulk of the traffic that is bound to or from the 
center of the city can best be served by transcity connecting 
routes and express highways. By-passes are recommended for 
the smaller towns, while a new type of belt-line distribution 
road around cities is proposed. 

Using the city of Baltimore as an example, it was found that 
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the great problem is to provide relief for the in-and-out move- 
ment of local generation. For instance, there are over 9000 
cars per day traveling between Washington and Baltimore but 
only 1068 of these cars travel between points beyond Washington 
and points beyond Baltimore. 

The report deals with the subject of slow decay in those parts 
of the city that are adversely affected by existing traffic condi- 
tions. Greater space is needed for the unfettered circulation of 
traffic. Plans must be made to remove the impediments that 
embarrass the movement of twentieth-century traffic through 
eighteenth-century streets. 


“Excess TAKING” 


The most spectacular addition to the accepted highway 
methods of the last three decades is the proposal to empower 
federal and state governments to embark upon a large program 
of purchase and condemnation of wide strips of land in both rural 
and urban areas. 

The report points out that the early obsolescence of rural 
highways previously built is due in a large degree to restrictions 
imposed upon their design by inadequate rights of way. Major 
revision is also needed in the present archaic street plans in 
order to permit the free flow of modern traffic. Farsighted 
improvements of both are blocked everywhere by the inability 
of the state and local governments, unaided, to provide required 
rights of way. There is danger that ‘expedient measures 
forced by the irresistible pressure of traffic will result in heavy 
new investment destined for early obsolescence.”’ Needed new 
facilities will involve a heavy present investment but it should 
prove to be a permanent one and should pay large dividends 
in the avoidance of future expenditures. 


A LEGISLATIVE PROBLEM 


Many state and local highway authorities operate under 
definite statutory restrictions as to the maximum width of right 
of way that may be acquired. These statutory widths often 
were adopted many years ago, and it is difficult for the authorities 
to acquire rights of way in excess thereof, regardless of what 
traffic conditions to be met may require. The United States 
Supreme Court has indicated that the use to which the land is 
to be put is subject to definite limitations in order to avoid in- 
fringement of rights guaranteed by the Constitution. Conse- 
quently, legislative changes must be made, both state and 
federal. The Ohio Supreme Court has said: “We cannot sanc- 
tion an arbitrary and unreasonable taking of excess private 
property.” 

The report recommends that the statutes of each state be 
carefully examined and revised where necessary; that such 
revisions should eliminate maximum widths which may be 
acquired and, if any specific limit is prescribed, it should be the 
minimum not the maximum; that discretionary powers should 
be conferred upon highway authorities to determine the width 
desired with specific authority for such right of way to include 
lands in excess of those actually needed for the physical location 
of the facility so as to provide for safety, roadside development, 
recreational, sanitary, and other facilities, and for future expan- 
sion of the transportation facility to meet prospective future 
needs. 

“When we consider that the highway widths provided for in 
existing statutes were adequate for all practical purposes less 
than twenty-five years ago, it is not difficult to understand why 
we now find the right-of-way problem one of the most difficult 
with which we have to deal.” 


FEDERAL FINANCING 
By supplying capital for investment in adequate rights of way, 
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on a scale sufficient to protect the facilities and provide amply 
for their expected growth, the federal government can lend 
practical aid. 

“Such rights of way, acquired with federal funds at the request 
of a state highway department and in accordance with state 
and federal laws, could remain the property of the federal govern- 
ment subject to lease by the state over a period of 50 years on 
terms that would in that period amortize the initial cost. 

“In view of the predominant national importance of such a 
system, the federal government could reasonably contribute 
to its construction in a proportion materially larger than that 
in which it contributes under the Federal Aid Act.” 

_ The creation by Congress of a Federal Land Authority is 
recommended. It should have a corporate status with authority 
to issue obligations and power to acquire, hold, sell, and lease 
lands for stated purposes, such as, adequate width for future 
rights of way, safety factors, roadside development, recreational 
areas, sanitary provisions, and removal of unsightly obstructions. 

Such an authority would also be an effective means for pro- 
moting reasonable coordination with other federal agencies 
that must purchase land for their own use, such as, public 
buildings, parks, and slum clearances. The proposed aid of the 
federal government could not be effectively employed in any 
state in the absence of constitutional authority. 


EXTENT OF ACQUISITIONS 


“Acquisitions by such agency should include all areas, the 
need for which might reasonably be anticipated for the physical 
construction of the improvement and for necessary roadside 
development, including probable future expansions.”’ Authority 
should also be given to solve the remnant problem, i.e., small 
parcels that are separated by the road improvement from the 
main body of land to which they were originally attached and 
the value of which is impaired to the owner by the separation. 
It is far cheaper to buy such lands outright in many cases than 
to pay the actual or proved damages. 

Detailed investigations should be made leading to the designa- 
tion of a system of reasonably direct interregional highways with 
appropriate connections through and around cities and limited 
in total extent to not more than 1 per cent of the total mileage 
of the rural highways in the United States. 

The report of the bureau includes in its appendixes a copy of 
the “Restriction of Ribbon Development Act, 1935’’ of Great 
Britain. This provides for the acquisition of any land within 
220 yards from the middle of any road, which is declared necessary 
for purposes of construction or improvement or for preventing 
the erection of buildings detrimental to the view. This provides 
a strip 1320 feet in width. 


OTHER RECOMMENDATIONS 


The Master Plan, according to the report, is a 20-year program, 
and any delay at this time means increased congestion by 1960. 
Outside of city limits, there is need of modernizing the main 
highways to ease curvature, reduce grades, and extend sight 
distance. Near the cities, there must be a steadily increasing 
mileage of four-lane divided highways. 

Such improvements are required on most of the federal-aid 
and state highway systems, especially those parts built before 
the comparatively recent increase in travel speed of motor vebi- 
cles. For the most part, the report shows these improvements 
involve only local changes in existing roads. 

The suggested improvement of secondary and feeder roads 
would include a careful selection of mileage from among the 
2,650,000 miles of roads outside of the state and federal-aid 
systems. This 78 per cent of the country’s total road and street 
mileage at present serves only about 10 per cent of the tots 
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vehicle mileage of traffic; but located on them are the homes 
and working places of about 75 per cent of the rural population. 
The choice of these secondary roads to be improved is important, 
therefore, in the promotion of beneficial land use. The states 
should select not to exceed 10 per cent of the rural mileage for 
such improvement. These thoughts are incorporated in the 
following recommendations: 

By continuance of cooperation with the states in the improve- 
ment of the federal-aid highway system and the elimination of 
hazards at railroad grade crossings, with annual authorizations 
commensurate with those previously provided. 

By continuance of the program of secondary- and feeder-road 
construction, with appropriations equal to, or larger than those 
authorized for the fiscal years 1940 and 1941, to be expended 
in such a way as to give effect to the principles enunciated in 
this report. 


CoMMENTS 


There can be no doubt that the proposal of excess taking is 
the crux of the Master Plan. It should be noted that the Presi- 
dent’s message strongly emphasized the principle as a means of 
preventing excessive purchase and condemnation payments, and 
of self-financing through the resale and rental of excess parcels 
along the right of way. In fact, the President would apparently 
carry out the idea much farther than the report seems to recom- 
mend. The Executive message reads in part: 

“Under the exercise of the principle of ‘excess taking’ of land, 
the government, which puts up the cost of the highway, buys 
a wide strip on each side of the highway itself, uses it for the 
rental of concessions, and sells it off over a period of years to 
home builders and others who wish to live near a main artery of 
travel. Thus, the government gets the unearned increment 
and reimburses itself in large part for the building of the road’”’— 
rather than providing a profit “to a mere handful of lucky 
citizens and which is denied to the vast majority.” 

This theory of excess taking and recoupment was espoused 
by the President a year ago when he made his first pronounce- 
ment in discussing a toll superhighway system. 

The report sets forth the fact that “attempted takings by 
condemnation in excess of that actually necessary for the physical 
location and construction of definitely contemplated improve- 
ments have been held unconstitutional by the courts.”” With 
that fact in mind, the question naturally arises as to whether 
the situation can be remedied through new legislation, either 
federal or state. It may require constitutional amendments 
in many jurisdictions, and that is something which cannot be 
hurried. 


PossIBLE LEGISLATION 


It is understood that bills are being drafted for the creation 
of anindependent agency to be called the Federal Land Authority 
composed (probably) of the Secretary of Agriculture, Secretary 
of War, and the Administrator of the United States Housing 
Authority with the Chief of the Bureau of Public Roads as 
executive director. This authority would have corporate powers 
with a capital stock of $100,000,000 pledging the full credit of 
the United States. It would be empowered to issue bonds and 
Securities not exceeding $500,000,000 outstanding at any one 
time. 

Such bills will, no doubt, include the right of eminent domain 
and of condemnation for the purchase of lands to be used for 
highways and the power to purchase adjacent lands. Purchase 
or condemnation will probably require prior approval of the 
state highway departments and the Bureau of Public Roads. 
The authority will doubtless be authorized to sell lands adjacent 
to condemned or purchased rights of way and to enter into 
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contracts with municipalities before condemnation or purchase 
of urban extensions; the municipality to repay the authority 
the purchase price, plus interest, over a period of forty years. 
It is understood that at least one such bill would clothe the 
authority with power to collect tolls. 

The idea of ‘‘taking” lands in excess of those absolutely neces- 
sary for use in developing the facility will have to be worked out 
with the greatest care. The political implications must be 
thoroughly analyzed in order that they may be avoided. It 
will not be sufficient, in the minds of many, to authorize broad 
powers of condemnation simply for the purpose of transferring 
the profits of the unearned increment from the individual property 
owner to the government. 


New LANDMARKS 


In “excess takings,” including excess condemnations, a new 
term has been added to the highway lexicon. It is a term that 
denotes a new idea in highway technique and one that deserves 
careful and intensive study. 

The report indicates a definite alteration in engineering thought 
relative to by-passing cities. By-passes have been urged and 
recommended by engineers for two decades, to permit through 
travel to avoid downtown traffic. Now it is the local traffic, 
to and from the downtown area, itself, that must be relieved. 
The data developed by the state-wide highway-planning surveys 
are responsible to a large degree for this changed thinking. 

Roads, once thought of as being rural, are coming to possess 
more and more urban characteristics. City streets, instead 
of being considered incidentally as urban extensions of main 
rural highways, are now advanced to a more dominant position 
in the road program. 

Among other questions raised with reference to the report, 
and its recommendations, are the following: 

Are there adequate grounds for the assumption that highway 
traffic will be doubled by 1960? There are those who predict 
a lessening of highway travel due to improved home conditions, 
such as air conditioning and television. Any appreciable in- 
crease in cost of travel would also act as a deterrent. 

A question is raised as to the amount of existing highway 
mileage that will be suitable for incorporation into the twenty- 
year interregional-highway plan. This is particularly questioned 
with reference to radial highways, belt-lines, by-passes, overheads, 
and depressed highways. 

The report contains no estimation of probable costs of the 
recommended Master Plan. There is, of course, the assumption 
that a major portion of land-acquisition costs to be borne by 
the federal government may be recouped through the sale of 
excess parcels, the government profiting by the unearned incre- 
ment. The fact remains, however, that there will have to be 
vast sums appropriated by the federal government for the pro- 
posed Federal Land Authority and that the federal government’s 
immediate share will probably reach 75 per cent of the initial 
total cost. There is apprehension on the part of some that this 
might result in increased federal gasoline taxes. 


A CONTRIBUTION OF GREAT VALUE 


Practically all observers believe that the Master Plan seeks 
to solve the future problems of highway construction with a 
forthright and constructive program. There is no gainsaying 
the fact that the problem is of vital interest to the entire nation. 
In an editorial comment,? it is noted as being “one of the most 
important guide documents of public policy in developing modern 
road transport since the federal-aid laws of 1921.” Further 
commenting on the report, the editorial states: ‘Its great con- 


2 Engineering News-Record, May 11, 1939. 
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tribution is bringing measured fact to bear on the problem and 
relegating to well-deserved limbo the fantastic schemes for 
transcontinental superhighway grids that often find voice in 
Congress.” 

The report* has been prepared by the most expert minds now 
dealing with the problem. Common business judgment de- 
mands that it receive most careful and serious consideration by 
automobile owners, truck and bus operators, business repre- 
sentatives, and legislators of both state and federal governments. 
There is an annual diversion of special motor taxes to other 
than highway purposes that should go far toward financing this 
plan almost in its entirety. If the program is to be adopted, 
the antidiversion campaign should become an integral part of 
the whole idea. 


Discussion 


Tuomas H. MacDona.p.? Engineers as a class have been 
too content to let other elements of our social structure carry the 
flag where public policies are concerned. It is highly desirable 
for engineers to assume a leading role in economic discussions 
involving the facts which are, after all, based upon data with 
which the engineer works continually and knows how to evalu- 
ate, perhaps to a greater degree than any other element of our 
social structure. 

In this field of highways and highway transportation, engi- 
neers have a particularly fertile field for the exercise of leader- 
ship, based on sound facts. Fortunately, accurate information 
is becoming more widely available through the efforts of city 
and state planning bodies, as well as other organizations which 
are coordinating the information from various sources, as a 
basis for establishing sound policies in the future. 

The problem of developing freeways, i.e., free-flowing high- 
ways throughout the cities and in the metropolitan areas, in my 
opinion, is the major problem in which to become most profit- 
ably interested in the future. The matter of securing rights 
of way, adequate for that development, will be a serious one 
financially. So far as may be foreseen, this problem can be met 
only by the use of all the credit facilities available, both nation- 
ally and by states and municipalities. 

It is particularly serious when the number of cities which 
have reached their maximum debt limit is realized. Changes 
in their constitutions are necessary to provide authority to bor- 
row when saddled with debts of that character. So we must 
turn to the state and federal governments if we are to supply 
the credits essential to securing and amortizing these rights 
of way over a long period of time. Viewed from that angle, 
it appears to be a tremendous undertaking, which it actually 
is. However, looking at it from the angle of what will happen 
otherwise, it is much more serious. 

There is no doubt of the authenticity of this freeway concep- 
tion of passing through metropolitan areas, as a solution of 
the problem of rehabilitating such areas. It is the only solution 
for the serious migration of values taking place in our metropo- 
lises. 

The principal question of the moment is: What will be the fu- 
ture of the cities? If that question could be answered, many of 
the problems of planning and laying out road systems in metro- 
politan areas to provide for future demands could be solved. 
Will the city be a compact area with population highly concen- 


* Nore: Copies of the full text of the report, together with all 
maps and plates, may be obtained. 

3 Commissioner of Public Roads, Federal Works Agency, Public 
Roads Administration, Washington, D. C. Mr. MacDonald acted 
as chairman of the meeting at which Mr. Horner’s paper was pre- 
sented. 
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trated, or will it be more loosely knit with the inhabitants 
spread out over greater territory and with metropolitan high- 


ways acting as connecting links between principal centers within 


the metropolitan area? The discussion on the present paper 
will unquestionably develop some thoughts on this phase of the 
problem. 

There is one detail in connection with the use of present-day 
highways upon which the writer would comment, namely, the 
overemphasis placed on criticism of the truck and slow-moving 
vehicle in traffic. In our own driving, we are conscious of such 
vehicles and have the feeling that, if they were removed from 
the highways, we might enjoy pleasanter and more expeditious 
trips. 

That is true to a limited extent. However, the question 
generally arises where highways have sufficient traffic that the 
slow-moving vehicle is an obstacle to the free flow of passenger- 
car traffic. For example, a two-lane highway when overloaded 
would be no better off if all the truck traffic were removed. 

For 3 years, we have been conducting studies of the utilization 
of two-lane highways by automobiles and trucks. Instruments 
have been developed which automatically record the speed, 
position, and other characteristics of the behavior of vehicles 
or drivers in given areas on different types of roads. From the 
records obtained, we are establishing factual data on highway 
conditions as the first essential step toward rectifying such 
conditions as offer traffic hazards. 

While the writer is more concerned about the economics of the 
situation than planning or specifying the type of highways to 
build, there is some question of the effect of buses and trucks on 
the life of highways. Deverioration of highways from this 
cause usually may be accounted for by poor foundations rather 
than poor surface construction. Structurally, the problem of 
providing durability in highways has largely been solved by 
soil stabilization. Formerly much of the destruction was caused 
by solid-tired trucks and heavy vehicles. With soil stabiliza- 
tion and the use of pneumatic, particularly balloon, tires com- 
bined with better construction and inspection, the structural 
problem of providing durability in a highway is no longer serious. 

Turning to the matter of imposing tolls as a general tax 
upon those who use the highways, in general, this would seem 
to be an unsound proposal. Certain cases may be justified on 
the basis of the highway functioning as a time-saving facility 
It appears that the American public will pay for time-saving 
as they will pay for no other commodity within their reach. The 
question of metropolitan highway development, which at present 
confronts us in an acute manner, must be settled independently 
for each city to meet the particular needs of the community. 
The city highway-traffic problem is urgent and will require the 
best thought that we can muster for its solution. 

The matter of development of adequate roads in the rural 
districts will be solved largely by planning and by better engi- 
neering. Soil stabilization is one of the two answers to that 
problem. In time, the farmers can be served, if the roads are 
properly planned so as to limit the mileage to the least possible. 


Harotp M. Lewis.‘ The author states that highway use 
requires two general types of regulation, one to provide safety 
along the highway, and another to protect highway surfaces by 
regulation of sizes and weights of vehicles. These types of 
regulation are both for vehicles. The writer would suggest 
supplementing these by an additional type of regulation which 
would apply to the right of way, rather than to the vehicles, 
i.e., restrictions to protect the carrying capacity of the highway, 
(a) by regulating the roadside uses along the highway, and 

‘Chief Engineer and Secretary, Regional Plan Association, Ne¥ 
York, N. Y. 
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(b) by regulating access from such uses to the actual roadway 
of the highway. 

Cases are familiar in which highways, constructed as important 
major routes and hailed upon their opening as providing express 
movement between municipalities, have, within 10 or 15 years, 
become so clogged, due to the fact that business and other uses 
have been built up along their borders, that it has become 
necessary to consider replacing them entirely by parallel routes. 

One of the best examples of this condition is Route 25 in New 
Jersey, between Newark and Trenton. The State Highway 
Commission now admits that it will be necessary to provide an 
entirely new route in order to carry traffic without interruptions 
and at speeds which prevailed along the present state highway 
at the time when it was opened. 

The most complete solution to this problem is what has become 
known as the freeway, or limited access highway. So far, 
legislation authorizing highway departments to construct this 
new type of highway has been adopted in only four states. 
Those are the states of Rhode Island, New York, California, 
and Connecticut. Other states have considered this legislation, 
but so far as the writer knows, none has adopted it. 

What is meant by a freeway, or limited access highway? It 
has been generally defined as a strip of public land, devoted to 
movement, over which the abutting owner has no right of light, 
air, or access. In other words, it is exactly the same as a parkway 
with the distinction that the parkway is a strip of park property, 
devoted essentially, in theory, to recreation. Although park- 
ways as we know have also been devoted to movement, they 
are limited to passenger vehicles, while the freeway supposedly 
would be open to all types of traffic. 

Such freeways would accomplish two definite financial savings 
over a long-time highway program: 


1 By constructing roads in this way, it would not be neces- 
sary to pave local lanes either in the form of extra width for 
local traffic, or in the form of service roads paralleling an express 
highway, because the roadway would be dedicated to the use of 
comparatively long-distance or through traffic. 

2 It would avoid the necessity of duplicating roads which 
may later become clogged by roadside uses, and thus constitute 
an important means of saving funds in construction costs of new 
highways. 


The Bureau of Public Roads Report, parts of which appear in 
the Appendix of the paper, refers to the possibility of excess 
condemnation and resale along these highways. It would seem 
to be almost essential that any such program should be coupled 
with some such regulation of roadside uses as the writer has out- 
lined. Otherwise, the process of condemnation and resale would 
encourage intensive development along such rights of way and, 
if access were not properly controlled, would lead to a rapid 
decrease in the efficiency of those highways. 

All main highways in a state highway system need not be 
constructed in the form of freeways. The writer believes that 
a considerable mileage of existing main highways can be made 
permanently useful and efficient by adequate zoning along those 
routes, combined with the establishment of substantial set- 
back lines for any building development which may take place 
along them. Thus, in rural areas the state system may largely 
utilize existing roadways. 

A freeway is particularly needed in suburban areas on the 
edges of metropolitan districts, or as main access highways 
either to or through large urban areas. The writer visualizes a 
main-highway pattern in a metropolitan area as including a 
series of radial parkways and freeways outside the central business 
district. As these come closer in and perhaps approach some 
major waterway crossing, a parkway and a freeway might well 


be merged into a single route, that is, the parkway might join 
the freeway and the parkway traffic travel over the latter for 
some distance before arriving at a main waterway crossing. 

Where parallel freeways and parkways will not be justified 
in the suburban areas because there is insufficient traffic, it 
might be possible to develop a type of route which would com- 
bine these two by functioning as a freeway during week days, 
and as a passenger-traffic parkway exclusively during week ends 
and holidays. While there is no record of this scheme having 
been tried, it is being seriously considered by a county in a section 
of the New York metropolitan district. 

The importance should be stressed of making the most use of 
existing facilities. The writer believes the best means for attain- 
ing this end is to have not only a master plan for federal high- 
ways, but one for municipal, state, and county units as well, 
which may be dovetailed with the master plan for federal agencies. 

A word of caution should be given against making estimates 
of too great growth of motor-vehicle traffic. Population in this 
country is becoming stable, as is also the curve of number of 
persons per motor vehicle. By this it is not meant that traffic 
will not increase. It will increase because, in the writer’s 
opinion, the use of the individual car, as measured by mileage 
per year, will continue to increase as improved facilities are 
provided. We shall use our cars more, although the registration 
will tend to stabilize as the population also stabilizes. 

The following is an example of the dangerous tendency con- 
tinually to propose the addition of new facilities. Ten years 
ago, the New York Regional Plan was published, which presented 
a picture of main highway routes existing and proposed for the 
New York metropolitan district. Within the time, approxi- 
mately 50 per cent of the mileage of major routes shown on 
that plan have been rebuilt or built in new rights of way, so that 
that system is fairly definitely fixed. We find that, as this 
tremendous rate of highway construction has taken place in the 
New York region, regional-plan proposals for additional new 
routes, which were considered radical and extreme by many 
persons ten years ago, are now considered as being relatively 
conservative. Many other proposals have been advanced which, 
in multiplicity of routes and extravagance of construction, would 
far exceed what was proposed by the regional plan. 


CuesteR H. Gray.§ Highway transportation is a part of 
the general transition in transportation which is taking place 
rapidly in the United States. During such a transition period, 
new developments occur or older methods assume new forms. 
Mention might be made of a few of the new aspects of the trans- 
portation problem, not particularly as they would impress the 
farmer, but as they would appear to all citizens. 

It appears that we are in a period of maintenance which in 
dollars and cents, reflected in taxes assessed and to be collected 
from the highway user, is quite likely in the future to amount 
to more annually than the money spent in construction. This 
fact is not generally realized. 

For two decades we have been building highways in the modern 
manner; at first, under the slogan that they would be permanent. 
It was soon realized that there is no such thing as a permanent 
highway. Now we are entering into the period of intense 
maintenance cost of these older highways. The maintenance 
cost of existing highways will continue, but added to it will be 
the upkeep cost on highways yet to be built. Most of the latter 
will cost more per mile than the ones thus far constructed. 

Therefore, a new aspect of highway financing and of highway 
taxation, namely, the measure of ability to meet maintenance 
costs for ourselves and future generations, must be considered 


‘ Director, National Highway Users Conference, Washington, 
D. C. 
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when we evaluate and plan the highways of the future. Main- 
tenance sometimes begins the year after construction and un- 
doubtedly within 5 years after construction, no matter how well- 
built the highway may be. Once it commences, maintenance 
continues perpetually, until the road is worn out or must, for one 
reason or another, be displaced with newer construction in its 
entirety. Thus, two factors must be carefully considered, 
maintenance cost of all highways old and new, and amortization 
of new construction. 

In the future, two types of highways will take precedence, 
i.e., the multiple-lane or express highway through country areas 
or metropolitan districts and the farm-to-market highway. 
Where the necessity exists for such highways because of density 
of traffic for persons and products, and ability to pay for such 
construction over a reasonable length of time is evident these 
roads must be built. 

In the main, payment will be made by highway users, prin- 
cipally in special imposts, the most prolific revenue-producing 
source so far developed being the gasoline tax. 

In the case of the farm-to-market highway, which entails 
lower construction costs, public opinion will demand that they 
be built in increasing numbers. 

Accompanying increased construction of these two types of 
highways will be a continuation of road construction as it has 
been known in the last two decades. 

Another consideration, which is assuming some importance, 
is that of tolls. For certain causes and for certain limited 
projects, tolls may be permissible as, for example, the payment 
in a reasonable number of years of a tunnel under a river or 
through a mountain. In the case of bridges over navigable 
streams, the toll principle had assumed the proportions of a 
political racket; so much so that farm organizations among 
others in recent years have opposed it to the point where such 
construction has practically ceased. The ability-to-pay prin- 
ciple within reasonable time limits should be the measure of 
necessity for practically all projects, be they tunnel, bridge, 
highway, or some other. If funds which users of the highways 
already provide were applied to highway purposes and not di- 
verted to other uses, the problems of construction and main- 
tenance would be greatly reduced. In other words, emphasis 
should be given to the warning that we must not go too far and 
too fast in approaching the toll principle which some people 
now are advocating as the cure-all for financing highways. 

A word of caution is necessary, in connection with acquiring 
rights of way for new highways, that the cost of this land does 
not too greatly exceed the actual cost of construction. With 
the liberal attitude toward public funds that has existed in 
Washington in recent years, the tendency of holders of land, 
required for rights of way to widen old roads or build new ones, 
has been to demand handsome payment from the government. 
There are many instances where such costs have been 50 or 75 
per cent of the total cost of a highway. Twenty years and more 
ago, landowners were generous in this matter and held it as a 
matter of pride to donate land for this purpose. Legislation is 
needed to correct this tendency, so that funds provided for 
highways will largely go toward construction and maintenance 
and not into purchase of rights of way. Such legislation should 
be formulated in Congress, so that in January, 1941, when the 
legislatures of practically all states will again be in session, 
bills on this matter may be formulated and enacted. 

This is a period of highway planning during which roads should 
be built of the proper materials and type to meet the traffic and 
other conditions to be imposed. In the future roads should be 
built so that subsequently they will not require straightening, 
leveling, or grading; they will proceed around or through cities 
as the need exists, and as funds and public demand make possible. 
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They will be built in the country and, above all, a scheme must 
be developed by which a considerable proportion of the cost 
may be paid as they are laid, and the balance amortized over a 
reasonable period. Mr. Horner has done well to bring these 
important road matters to public attention. 


L. W. Hornina.* The author states that the two big problems 
confronting highway users are the continuing expense of building 
new highways and the annual cost of maintenance. There is 
also a third problem, that of rebuilding the roads which have 
been destroyed. 

The ability of highway users to pay for them in the main as they 
are built, but surely during their life expectancy, has been re- 
ferred to. It is a fact that in many cases highways are torn 
up and destroyed long before the bonds which financed them 
have been retired. The writer recently discovered a series of 
bonds which will not be retired until 1947, while the road which 
they financed was rebuilt last year. 

There are two classes of highway users, i.e., private-car owners, 
mostly having modest incomes, about 25,000,000 in number, 
including the farmer and the merchant with their small trucks, 
and another group of bus and truck operators who use the high- 
way as a place of business for private gain. Certainly there is 
no community of interest between the private motorists and 
these others. The writer does not believe that the average 
motorist has occasioned the rebuilding of 22 per cent of our 
highway systems at a cost, reported by the American Association 
of State Highways in a hearing before Congress in 1938, of 
$1,607,609,000. 

The current conviction seems to be that the payment of 
motor-vehicle fees, referring to gasoline taxes and license fees in 
general, should vary according to the weight and carrying ca- 
pacity of the vehicle. With that principle, the writer largely 
agrees. 

However, he disagrees with the statement that gasoline taxes, 
federal, at least, were originally intended to compensate for the 
use of the highways. In a recent discussion before Congress, 
Senator Barkley said, discussing the gasoline tax, ‘‘Just for the 
record, I think it ought to be stated that, when the tax on gaso- 
line was enacted, it had no direct connection with building roads.” 
It was not enacted specifically for the purpose of using it to build 
highways. This excise tax, therefore, represents a contribution 
for the support of general government. 

We do heartily agree that where a tax is levied upon gasoline 
or upon motor vehicles for the express purpose of constructing, 
maintaining, or repairing highways, that every red cent of that 
money should be used for that purpose. But we also maintain 
that there is nothing so sacred about a gallon of gasoline or a 
motor truck that taxes should not be levied against them for 
the support of general government. All this talk about diver- 
sion may backfire one of these days and the ordinary home- 
owner and taxpayer may demand that his taxes be not diverted 
either. Where would our highway users be, if you please, if 
those millions of people who are not highway users should demand 
that we spend on highways only the income from motor-vehicle 
levies? 

With Senator Barkley’s conception of the purposes to which 
gasoline taxes may be put, the writer is in full agreement. 

At another point the statement is made that the motor imposts 
now being levied seem to be the most logical form of highway 
taxation yet devised. The writer believes that, generally, the 
principle is correct in so far as the private-car-owner class is 
concerned, but certainly it is not a fair measure of highway use 
nor a fair and equable tax for the business user, unless, for ex- 


¢ Regional Director, Competitive Transportation Research, Ameri- 
can Association of Railroads, New York, N. Y. 
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ample, the gasoline tax provided for a high rate when it was to 
be used in a 10-ton or a 5-ton truck as the case might be. A 
ton-mile tax might be a fairer measure of highway use by such 
vehicles. 

Speaking of farm-to-market roads, it is a fact that the railroads 
are keenly interested, since about 14 per cent of railway taxes 
are used for that purpose. Such roads act as feeders for the 
railroads. In a recent statement of policy, highway users an- 
nounced that farm-to-market roads should be paid for by taxes 
on land, not by levies on the users. The author referred to 
thousands of communities located on such roads served only by 
motor transportation. It is these communities which are largely 
located on the secondary or farm-to-market roads and still the 
highway users would have this class of road maintained by 
“taxes on land” and not on the users. 

The author states that highways, railways, waterways, airways, 
and pipe lines are the quintuplets of transportation in the United 
States. In other words, the economic welfare of the nation does 
not revolve around one transport facility, highways or otherwise. 
With that the writer heartily agrees. Every one of these has a 
definite place in the transportation scheme of things. 

Then he refers to our cry for equality of opportunity. What 
is wrong with that? Isn’t every American business, isn’t every 
American, no matter what business he is in, entitled to equality 
of opportunity? Certainly, one railroad is entitled to equality 
of opportunity with its competitors and, certainly, the railroads 
are entitled to equality of opportunity with their competitors 
who operate on the public highways, upon the waterways, and 
elsewhere. Today, that is all the railroads contend for. 

One vitally important method of regulating highway users, 
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not mentioned by the author, is that of regulating rates and 
services. The writer believes that most of the common car- 
riers, engaged in transporting freight upon the public. highways, 
would welcome regulation of the functions which other highway 
carriers perform as contract carriers. In fact, many of them 
demand the enactment of legislation to that end. So it has not 
always been railroad-inspired legislation that would have imposed 
regulations on the carriers upon the highways. These carriers 
themselves, have demanded and are still demanding such legis- 
lation and here and there are highway carriers “for hire’? who 
have suggested that the private carriers should be regulated too. 

In 1933, representatives of the highway users and the rail- 
roads in conference agreed upon certain fundamental principles 
which were applicable to highway transportation, among whi*h 
was the matter of regulation. The conference was unable to 
agree upon the uniformity of weights, sizes, and rates. 

The railroads contended, and still do, that there can be no 
uniformity in the size of motor vehicles until there is uniformity 
in the highways, uniformity in the ability of the people to pay 
for the highways, and uniformity of traffic. As regards reci- 
procity, the highway users agreed that trucks from one state 
traveling into another should pay something for the use of the 
public highways. They said that reciprocal agreements should 
be entered into at “equitable rates.”” Now they contend, not for 
equitable rates, but for free reciprocity. 

Much has been said about the regulation applied to common 
carriers as highway users. A recent statement of the Interstate 
Commerce Commission is quoted to the effect that highway 
transportation is more comprehensively regulated than are the 
railroads. It is not quoted exactly. The statement was: ‘These 
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two acts (the Motor Carrier Act of 1935 and the Civil Aero- 
nauties Act of 1938) provide for the motor carriers and the air 
carriers, respectively, a system of regulation which is, if anything, 
more comprehensive than that which has been provided for the 
railroads.”’ Possibly that is true. The writer believes such 
carriers should be, because they are operating on public high- 
ways, while the railroads operate on private rights of way. 


H. S. Farrsanx.’ The report of the Public Roads Adminis- 
tration to which reference has been made in Mr. Horner’s paper 
was in response to a definite question directed to the Adminis- 
tration by Congress. The report therefore took its character 
from that question. The question was whether or not it is 
feasible to build a system of three transcontinental roads run- 
ning east and west, and three running north and south, from the 
Canadian border to the lower extremity of the United States, 
and whether or not it would be feasible to support such a system 
of six through or transcontinental roads by means of tolls. 
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That was a definite question and the report first addressed itself 
to that question. 

The conclusion at which it arrived, namely, that the building 
of transcontinental toll roads is not feasible, was the first answer 
that we attempted to give to that question and it was in the 
negative. In giving that answer, we did not mean to imply that 
there is no room, in the financing of highway facilities, for the use 
of a toll method. In fact, we specifically referred to the feasi- 
bility and possibility of using the toll method for financing 
certain portions of a highway, and especially for the financing 
of bridges and tunnels and other relatively short sections of 
highways, particularly in metropolitan areas where a toll facility 
is feasible because it offers a service greatly superior to that 
afforded by the competing free-highway facilities. 

Having given the negative answer to the question of the feasi- 
bility of a toll system, the report proceeded to attempt to indi- 
cate what might be a positive answer in dealing with the general 
problem of providing adequate highway facilities for the United 


7 Chief, Division of Information, Public Roads Administration, States. That answer was made along the following major 
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First, the report pointed out that the most serious problem has 
developed on our highways in the vicinity of the metropolitan 
areas, and in the cities. It also pointed to the necessity for a 
modernization of the main highways of the customary type, which 
were built largely in the previous decade, in order to fit them for 
safe use by vehicles now operating at speeds very much higher 
than were foreseen when the roads were built. This the report 
treated as the first element of a proposed master plan. 

Next it was indicated that the principal location of such 
modernization of the main highways would be necessary along 
lines which might be extended into the formation of an inter- 
regional highway system of fairly limited extent, suggested as 
the second element of the plan. The report fixed the probable 
extent of that system as about 30,000 miles. 

The third element referred to the secondary and “feeder” 
roads, local roads which are the feeders not only of the main 
highways, but also of the railroads. The three elements then 
were coordinated to form, in our estimation, a well-rounded plan 
of highway development which would meet all of the requirements 
of modern transportation, as they might develop. This plan 


was submitted as an alternative to the one-sided proposal which 
contemplated the construction of six main transcontinental 
highways. The building of such highways would only super- 
ficially touch the real problems that have developed through the 
growing use of our highways.® 

Unquestionably, there has been built up in the popular mind 
an impression that the volume of transcontinental traffic to be 
served is large. To determine the actual dimensions of trans- 
continental traffic, a study was made of all main east-west high- 
ways, traversing the width of the country from the Canadian 
line to the Mexican border. Traffic counts were conducted in 
the states of Idaho, Nevada, and Arizona. 

The result of questioning all but local traffic indicated that, on 
an average day, there passed along all of these highways, a 
total volume of about 2532 vehicles. Of these 2532 vehicles, 


8 At this point in the discussion Mr. Fairbank, by means of slides 
from the Public Roads Administration Report, illustrated major 
points developed by the author in his summary of this report. 
Copies of the report are available on request from the Administra- 
tion. 
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1587 were bound to or from points in California; 257 were bound ee: gees of tl 
to or from points in Oregon; and 688 to or from points in Wash- | vehi 
ington. The volume of traffic having its origin or destination es only 
on the East Coast amounted to but 300 per day. Thus trans- fore, 
continental traffic is a rather thin trickle of our total traffie on § city 
the highways. (See Fig. 1 on page 87 of this paper.) | the 
Conversely, the bulk of traffic on our highways is of a highly hear 
local range of movement. For example, based upon traffic i iis = This 
observations, vehicles crossing into New York or out of New Fa ( aur have 
York, over the Hudson River by all the means of crossing from aides W 
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Beyond the metropolitan area of New York and New Jersey, ° | into 
nearly 5000 a day go to or come from points in New York State. al 9 PT tion 
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volume of traffic which either comes from or is destined to points ' arter 
more distant from New York City than the local counties and : : requi 
states. It is generally true that only about 6 per cent of total possi 
traffic throughout the country has a range greater than 50 miles | does 
per trip length. In sparsely populated areas, where distances Ricco migh 
are long and towns are far apart relatively light traffic flows on a As 
the main roads. | long 
The areas of greatest traffic density are in the eastern and in the | sents 
north central states, where distances are short and where there | possil 
is a great concentration of short-distance movements. behin 
Reference has been made to the fact that our present highways ties v 
were built during a period when the speed of vehicles was less class 
than it is now and, because of this fact, there is considerable = 
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3 obsolescence of roads that were built during that earlier period 
on | | This is unquestionably a fair general statement of conditions. ‘ 5 
LOCAL TRAFFIC TRAVELING SHORT OISTAMCES andt 
One of the purposes of the so-called state-wide highway- Burea 
UA, a: planning surveys, which have been undertaken in most of the F~ It ae 
states, has been to determine just what that condition of o> 
Z yy | = solescence is, just what our problem of rebuilding may be. [- For 
om t T ty, where that problem is located, and to what extent it is influencee dienes 
<A | by the density of traffic and the character of the provision thst 
won LB | eZ has been made previously (Fig. 2). 3 Conn. 
Z | One of the facts developed by the surveys is that the great F 
| | percentage of traffic approaching a city is destined to, or 
roms | nates from, the city itself. Any proposal to by-pass that traffe oof the 
ZZ | | would fail as a solution of congestion in the city, because the compl 
PORTS CW traffic cannot be by-passed, since most of it is generated by th yo... 
city or induced by the city (Fig. 3). parks 
e A certain proportion of traffic might be by-passed around wide 
ein city, but actually the greatest percentage of the movement bs The 
its origin or destination in the city. For example Columbus, Obi. FF  ¢)- 
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of the city, while inward, traffic builds up to nearly 30,000 
vehicles a day. If all the border traffic were to be by-passed, 
only a small percentage would be removed from the city. There- 
fore, by-passing as a remedy for traffic congestion within the 
city confines would be of but little account (Fig. 4). Actually 
the congestion is caused by the increasing volume toward the 
heart of the city being forced into streets diminishing in width. 
This is a condition generally experienced in older cities which 
have developed around narrow streets. 

Where new and broader highways have been built, traffic will 
follow the line of least resistance, but when it must be diverted 
into the older and narrower streets of a business section, conges- 
tion occurs. 

One solution to the problem of congestion within cities is the 
use of the depressed highway for bringing the major arteries 
into them (Fig. 5). There is no fixed preference for the depressed 
highway, but, in general, we believe that the depressed form of 
artery, rather than the elevated, is more consistent with the 
requirements of the modern motorcar. It would seem to make 
possible the extension or the wider distribution of settlement and 
does not necessitate the crowding or the concentration which 
might be indicated by the use of the elevated type of artery. 

As we enter a city along such routes as those described, before 
long we penetrate a band or a zone within the city which repre- 
sents the old residential sections. As the motor vehicle has made 
possible an outward movement of residential areas, we have left 
behind, in the band adjacent to the downtown sections, proper- 
ties which were once good residences. These descend from one 
class of property owner to a lower class and finally become the 
slums of the city. 

That condition exists m most cities and represents one of the 
tremendous tasks that must be dealt with in considering their 
future. As the necessity of providing through arteries is con- 
sidered, the existence of decadent areas of old residential prop- 
erty seems to offer some hope that it might be possible to 
acquire rights of way for superior types of arteries, without in- 
volving too great expense, since the values of the old properties 
are declining steadily. 

Beyond the cities, interregional roads have become a neces- 
sity. While such a system would comprehensively cover the 
country, it is not to be regarded as a transcontinental system. 
It becomes transcontinental only by the connection of local 
sections. 


Wituram G. Grove.* Mr. Horner’s paper has emphasized 
many of the points brought out in the report “Toll Roads and 
Free Roads” prepared by the Federal Bureau of Public Roads, 
and the writer wishes to compliment Mr. MacDonald and the 
Bureau of Public Roads upon the thoroughness of that report. 
It is a masterpiece, and its careful perusal by anyone whose duties 
are connected with highway traffic is sincerely recommended. 

For the last few months the writer’s activities have been con- 
nected with the organization of the toll station on the Merritt 
Parkway and hence this discussion will reveal something of 
Connecticut’s experience in the collection of highway tolls. 

In June, 1938, the first section of the Merritt Parkway was 
opened to the traveling public. This parkway is a continuation 
of the Westchester County parkway in New York and, when 
completed, will extend from the New York state line to the 
Housatonic River, a distance of approximately 35 miles. The 
parkway is a dual type of highway; each traffic section is 27 ft 
wide and the dividing central island is 21 ft wide. 

The Merritt Parkway will cost about $20,000,000, of which 
$15,000,000 is covered by a bond issue, now being refunded at 

* Associate Highway Engineer, State Highway Department, Hart- 
ford, Conn. 


the rate of $1,500,000 annually from the highway funds. The 
$5,000,000 remainder will also come from highway funds. 
The Merritt Parkway will be completed to the Housatonic 
River by July 1, 1940, and at the same time the bridge over the 
Housatonic River is scheduled for completion. This $1,000,000 
structure is on the Wilbur Cross Parkway and is being financed 
through a P.W.A. grant covering 45 per cent of the amount; the 
remainder is to be taken from the regular highway funds. 

The Wilbur Cross Parkway will eventually extend from the 
Housatonic River to the Massachusetts state line. The portion 
from Hartford south to Berlin is now under construction and will 
be paid for from the regular highway funds. Certain sections 
between Hartford and the Massachusetts state line have been 
built and other sections are now under construction. 

The section from the east bank of the Housatonic River to 
Berlin, a distance of about 35 miles, could be completed in four 
years if funds were available. This stretch will cost approxi- 
mately $20,000,000, and will require 20 years to complete on the 
basis of appropriating $1,000,000 a year from the regular highway 
funds for that purpose. 

This, then, was the situation confronting the Highway De- 
partment at the first of the year, 1939. In order to complete the 
Wilbur Cross Parkway to Berlin by 1944, instead of 1960, three 
courses of procedure were considered: First to take $5,000,000 a 
year from the regular highway fund; second, to increase the state 
gasoline tax from 3 cents to 4 cents per gallon; and third, to 
float a bond issue in order to provide for the necessary amount 
of money and to amortize these bonds over a period of 20 years 
with money obtained by placing tolls on the Merritt Parkway 
and also on the Wilbur Cross Parkway as the latter parkway is 
completed. 

Connecticut has a motor-vehicle registration of about 450,000 
vehicles of all types. On the assumption that these vehicles 
average 10,000 miles a year and consume gasoline at the rate of 
15 miles to the gallon, the approximate gasoline consumption at 
the present time is 300,000,000 gallons per year. The present 
state tax of 3 cents per gallon yields about $9,000,000; registra- 
tion fees on 450,000 vehicles yield an additional $6,000,000, and 
these, with some miscellaneous revenues, provide an annual 
fund for the highway department of about $17,000,000 to 
$18,000,000 a year. 

If the cost of the Wilbur Cross Parkway from the Housatonic 
River to Berlin were financed at the rate of $5,000,000 a year from 
the highway fund, the regular road program for both mainte- 
nance and new construction would be seriously crippled. Further- 
more, a state tax of an additional 1 cent a gallon on gasoline con- 
sumption would provide only $3,000,000 a year. 

The third plan that suggested itself was to raise the necessary 
funds by means of tolls. The 1939 session of the state legislature 
passed a bill, which was signed by the governor, authorizing tolls 
on the Merritt Parkway and, as commercial vehicles are not 
permitted on this parkway, a flat rate of 10 cents per car was 
specified in the bill. In order not to work unnecessary hardship 
on motorists who use the parkway regularly, a commutation 
rate of $10 was specified for any car licensed in Connecticut, which 
would entitle that car to unlimited passage through one toll sta- 
tion on the Parkway for a period of 1 year. The bill provides that 
one toll station shall be located in the Town of Greenwich and a 
second toll station located in the Town of Milford, and that there 
shall be such additional toll stations as the highway commis- 
sioner may deem necessary. 

A study of the traffic over the Merritt Parkway near the New 
York state line indicated that approximately 5,000,000 cars 
would pass the Greenwich toll station annually, thus yielding 
$500,000. When the toll station at Milford could be placed in 
operation, after the completion of the new bridge over the 
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Housatonic River in June, 1940, it was estimated that 3,000,000 
cars would pass through that toll station annually, yielding an 
additional income of $300,000 a year. 

The act further provides that 5 per cent of the highway funds 
shall be used for the Wilbur Cross Parkway and also authorizes 
the flotation of a bond issue, not to exceed $4,000,000. During 
the two-year period until the next session of the legislature in 
1941, there should be available for the Wilbur Cross Parkway 
$850,000 a year from the regular highway funds of $1,700,000, 
$4,000,000 from the sale of bonds, and approximately $1,300,000 
from tolls making a total of $7,000,000, or more than one third 
of the total amount required, which will be sufficient to purchase 
the right of way and to have under contract the construction of 
a considerable portion of the parkway from the Housatonic River 
to Berlin. 

The 1941 session of the legislature will then be in a position to 
authorize the flotation of additional bonds, which, when added to 
$1,700,000 from the highway funds and $1,800,000 from tolls, 
will cover the total additional cost necessary to complete the 
Wilbur Cross Parkway to Berlin by 1944. 

The act further provides that all monies collected from tolls 
shall be earmarked and placed in a separate fund known as the 
Wilbur Cross Parkway Fund, which fund shall be used, after de- 
ducting the cost of collecting the tolls, exclusively for paying the 
current bond interest and amortizing the bonds. After the Wilbur 


Cross Parkway has been completed to Berlin and paid for, and - 


all the bonds have been amortized, the legislative act provides 
that no further tolls shall be collected. 

The parkway toll bill was passed by the legislature on June 
6, and signed by the governor on June 16. On June 21, at 8a.m., 
the collection of tolls started at the Greenwich toll station and 
up to the present date (Oct. 31, 1939), approximately 2,350,000 
vehicles have passed the station, which at 10 cents per vehicle 
amounts to $235,000 in 133 days, an average of almost $1800 per 
day. 

During the summer the average traffic was 130,000 vehicles a 
week. After Labor Day, this weekly average dropped to 110,000 
during September and October. The approximate monthly traffic 
was 590,000 for July, 570,000 for August, and 550,000 for Sep- 
tember. The October traffic will be about 470,000 cars. 

Sunday traffic averaged 30,000 cars for July, August, Septem- 
ber, and October, with Saturday traffic averaging from 20,000 
to 25,000 cars for the same four months. The greatest daily peak 
occurred on Labor Day when 39,855 vehicles passed the toll sta- 
tion. Based on present figures and allowing for decreased 
seasonal traffic during November and December, the three- 
million-vehicle mark should be reached about Jan. 1, 1940. 

While the report prepared by the Bureau of Public Roads con- 
demns the general use of toll roads throughout the United States, 
the report does state that in certain sections of the country toll 
roads would be self-liquidating and these sections are listed in 
the order in which the most profit is indicated. The number-one 
section on this list is from Jersey City, N. J., to New Haven, 
Conn. It is fortunate in that the beautiful Merritt Parkway is 
located on this number-one section. Traffic over the parkway is 
at the rate of 5,000,000 vehicles a year past the toll station when 
an alternate free route (the Post Road, U. S. No. 1) which 
parallels the parkway, is only 5 miles away. This is the answer 
to critics, that the public is willing to pay for superservice, which 
provides, first, safety, and second, a saving of time through the 
absence of red lights over a distance of 35 miles. 


V. P. Angarn.’® Mr. Horner has surveyed the entire range 
of the question of sound public policy in the development of our 


National Sand & Gravel Association, 
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Washington, D. C. 
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highway systems. However, there are some points which, while 
not new, deserve special emphasis. 
One of these is the tremendous threat to national unity which 
is presented in the multitude of state-highway regulatory laws, 
like the Port of Entry Law, the Milk and Food Inspection Law, 
and the like. Anyone who has read Dr. Buell’s article! on this 
subject will have an uncomfortable realization that laws of this 
character, each prompted by the desires of special interests to 
monopolize local markets, will eventually reproduce in the 
United States some of the sore spots which are at the bottom 
of European controversies. 
It seems to the writer of this discussion that there is real need 
for a dispassionate evaluation of our methods of land acquisition. 
Obviously, present public authority is admittedly inadequate 
even for the building of multiple-lane highways in some areas. 
If regulation is inevitable, and if hopeless confusion is to be 
avoided, it would appear that uniformity of regulation is neces- 
sary. We should consider the question: “Is uniformity desira- 
ble?” If it is desirable, federal regulation would seem to be 
the only alternative. If that is true then it would be unwise to 
oppose such legislation solely on the ground that the powers of 
the federal government would be increased. 


W. L. Waters.'? The diversion of highway taxes has been 
much criticized. But we do not ask that cigarette taxes be used 
to provide smoking rooms or beer taxes to build saloons. So we 
cannot insist that motor-vehicle taxes be used exclusively for 
highways. The government taxes where it can, and gasoline 
like beer is ideal for the purpose. 

As to highway construction, civil engineers are now working 
on soil mechanics and stabilization, and it is likely they will soon 
be able to develop a technique of building economically almost 
anywhere highway foundations equal to those of the Roman 
roads of 2000 years ago. So ten years hence highways may con- 
sist of a stabilized earth foundation covered with a thin flexible 
mat to protect it from wear, and the costly concrete type of high- 
way will be obsolete. 

It is also possible we are emphasizing too much the need for 
heavy expenditures on alignment and grades. Probably not one 


man in a hundred is physically and temperamentally fitted to | 


drive at 50 mph in traffic; and long straight stretches of low- 
gradient highway are a temptation for the lunatic driver to speec 
at 70 or 80 mph. 

As to highway routes in outlying suburban and rural districts 
this problem is not difficult. It is merely a question of planning 
and spending money. But in the cities it seems hopeless. Som« 
years ago I saw quite a disturbance in a village on the border o 
Burma and China which resulted from two caravans meeting ins 
street so narrow that the laden donkeys could not pass one an- 
other. So evidently traffic congestion is nothing new, and the 
history of large cities from time immemorial has probably beet 
that transportation difficulties choked them so that they de 
cayed, were abandoned, and replaced by new cities elsewhere 
which again went through the same cycle. And as our facilitie 


which were sufficient in the horse-and-buggy days are now ot | 


solete because of the demands of motor-vehicle transport, t* 
same threat of decay hangs over our own large cities. 
tions can be somewhat bettered by substituting organized public 
utility transport for much of the city traffic, by handling at nig’ 
all trucking except household deliveries, by garaging automobile 
in the suburbs, by severely restricting parking, by closing ma! 
street crossings, and by similar improvements. It is a questio! 


11‘‘Death by Tariff,” by R. L. Buell, Fortune, August, 1938, PP 
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32-35. 
12 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


spiri 
the 1 


prob 


out § 


vehicl 
The 


* tute o 


| 
high’ 
road 
Ww. 
| 
Reve 
Mu 
= 
| 
| 
| 
2 
| 
j 
7 
4 
2 
5: 


of 


HORNER—PROBLEMS OF HIGHWAY USER IN THE UNITED STATES 


for each city to decide whether it will submit to such restrictions 
or be gradually choked to death by traffic congestion. 

The paper is most valuable, and it is to be hoped that it will 
result in a really common-sense national economic discussion of 
the highway problem. If it does, and if we can eliminate politics 
and introduce into our program some of the intensely commercial 
spirit which has been responsible for the phenomenal success of 
the motor-vehicle manufacturers, we shall, except in the cities, 
probably be able to develop most of the facilities required with- 
out greatly increasing taxation. 


W. D. Ennis." Not merely are roads expensive—major 
highways now cost as much per mile as railroads. In 1937, 
road expenditure absorbed about 3 per cent of our national 
income. 

We argue about diversion, comparing total motor-vehicle 
revenues with highway expenditures therefrom. We began by 
postulating the application of all such revenues to major highway 
construction and maintenance. It was a new kind of postulate. 
Revenues from real estate, by contrast, were never wholly ap- 
plied for the benefit of real estate. We are still collecting taxes 
from real estate to be spent on streets and roads. Diversion is 
not a one-way phenomenon. 

Much confusion arises from the term “highway.’’ Sometimes 
it means a major interurban thoroughfare. If we talk more 
broadly of ‘‘roads,” public ways, including county and township 
roads and city streets, there is a lot of road cost which motor 
vehicles never pay. 

The statement that a (uniform per-gallon) gasoline tax is an 


1) Humphreys Professor, Economics of Engineering, Stevens Insti- 
» tute of Technology, Hoboken, N. J. Fellow A.S.M.E. 


93 


equitable and rational method of distributing highway cost in 
proportion to highway use is one that may be questioned. Such 
a tax might be fair if the vehicles all required the same char- 
acter of road. But a large proportion of total road cost is due 
solely to a limited number of heavy vehicles. Lighter vehicles, 
including all private passenger cars, should pay no part of that 
excess cost. In New Jersey, in 1933, less than 5 per cent of all 
vehicles weighed over 7000 lb, yet it is for such vehicles that roads 
are planned. Fairer taxes on heavy trucks would open the way 
toward reduced taxes on vehicles of normal weight. 

“Excess taking,” the acquisition and sale by government of 
excess lands in connection with rights of way, is not really a new 
term or new idea, even in the highway lexicon. It has been 
discussed in road engineering for years, and experience is that 
it may require changes not merely in federal and state laws, 
but also in their constitutions. (Benefit assessments, as dis- 
tinguished from local assessments of “‘cost,’’ apparently not 
mentioned in the paper, are a related device to which there are 
similar obstructions.) It may be assumed that a moderate 
program of excess taking will be found most acceptable con- 
stitutionally. The Bureau of Public Roads program is moderate, 
if loose. It contemplates liberal provision for safety, roadside 
development, recreation, sanitation and other facilities, and 
future expansion (additional lanes). 

The British strip width of 1320 ft (maximum) goes to the other 
extreme. Constitutional limitations, in our sense, do not exist 
in Great Britain. Even more extreme is the President’s broad 
advocacy of seizing the unearned increment (equivalent to the 
benefit-assessment idea) and government speculation in land. 
If these policies are sound, their application should be broader 
than in the single field of highway construction. 
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Wear of Diesel-Engine Cylinders and Rings 


By PAUL S. LANE,! 


This paper considers wear mainly from the viewpoint of 
cylinder and ring materials, rather than from the design 
or operating angle. The types of iron used, though impor- 
tant factors, have received only limited attention in pub- 
lished data. Existing wear rates in medium- and heavy- 
duty Diesel and gas engines in various fields of service are 
reviewed, followed by several examples of cylinder wear as 
affected by the hardness and structure of the iron alloy. 
By means of laboratory wear tests, correlated with service 
experience, the nature and characteristics of the materials 
used in cylinders and rings are surveyed and discussed in 
detail, covering the effects of section size, hardness, analy- 
sis, and structure. Initial engine wear, as influenced by 
bore finishes and wear-resistant or chemical surface treat- 
ments, is considered, together with the action of bimetal- 
lic or composite rings, in retarding scuffing and over-all 
wear rates. 


HE WEAR of Diesel-engine cylinders, liners, and rings is a 
of mutual interest to engine designers, builders, 

and operators as well as to piston and ring manufacturers. 
Everyone even remotely connected with Diesel engines and their 
maintenance realizes that this subject deserves attention and 
study, particularly in view of the higher operating pressures, 
speeds, and temperatures which make lubrication problems more 
difficult. Even though improvements are being made in Diesel 
lubricating oils, the bearing and wearing characteristics of the 
rubbing parts will continue to have an influence on wear rates. 

A review of published data on Diesel-engine cylinder wear gives 
considerable information as to the effects of lubricating and fuel 
oils, air and oil cleaners, design features, etc. However, only a 
few scattered references are made to cylinder and ring materials, 
and their influence upon over-all wear conditions. 

In this paper it is proposed mainly to discuss and review pres- 
ent-day practice in regard to cylinder and ring materials, con- 
sidering their wear performance not from the standpoint of any 
particular type of engine or service, but solely from the metal- 
structure viewpoint. An attempt is also made to illustrate the 
scuffing and scoring tendencies of various irons, and the possible 
effects of hardness, surface finish, and chemical treatments. 
Brief mention will be made of service results obtained through 


| the use of piston rings of the Gold Seal or “insert’’ type, in re- 


dueing wear problems in various Diesel applications. 
Rates oF WEAR 


Before considering the possible influence of the foregoing fac- 
tors, it seems advisable to offer the present interpretation of nor- 
inal and abnormal cylinder wear in various engines. 

Although it is agreed that the usual wear rate is greater than de- 
sired, yet this is difficult of measurement in service due to the 
gradual nature of the change. For example, it has been stated 


) >y Shidle? that, when a 5-ton truck finally wears out, it has ac- 


‘Metallurgical Research Engineer, American Hammered Piston 
Ring Division, Koppers Company. 

*“Five Pounds of Importance,” by N. G. Shidle, Automotive In- 
dustries, vol. 66, 1937, p. 449. 

Presented at the Twelfth National Meeting, Ann Arbor, Mich., 
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tually lost in weight something in the neighborhood of 5 Ib. 

In the case of cylinder wear in medium- and slow-speed en- 
gines, the figure of 0.001 in. wear (diameter increase at top-ring 
travel) per 1000 hr is often considered normal. This means a 
wear per hour of 0.000001 in., which requires considerable am- 
plification before it is possible of measurement with ordinary 
micrometers. 

Table 1 shows wear figures submitted by Lee Schneitter,? which 
logically take into consideration a life expectancy of 6 years for 
liners, based on 8000 hr operation per year. Such figures must 
of course represent an average condition; the values appear to 
conform with general experience. 


TABLE | LINER WEAR OF SLOW-SPEED ENGINES, BASED ON 
LIFE OF SIX YEARS 


Wear 
Cylinder (maximum), Wear per Normal 
diam, before liner re- year, 8000 br wear, per 
in. placement, in. running, in. 1000 hr in. 
25 0.180 0.030 0.004 
20 0.150 0.025 0.003 
15 0.100 0.017 0.002 
10 0.060 0.010 0.0013 


Table 2 shows additional actual wear figures from a group of 
large stationary Diesel engines operating in pipe-line service in 
Oklahoma. These figures have been kindly contributed by 
J. B. Harshman.‘ 


TABLE 2 LINER WEAR OF DIESEL ENGINES OPERATING IN 
PIPE-LINE SERVICE 


Four-cycle Two-cycle 
engines engines 

Size range, bore diameter, im................. 161/4-22 15—207/4 
Usual load, per cent of rating................ 80-95 80-95 
Average hours running per 0.001 in. wear...... 869 992 
Average wear per 1000 hr, in...............4. 0.0011 0.001 


Two leading engine makes included in the two-cycle group of 
Table 2, have a service record of 250 to 500 operating hours per 
0.001 in. wear (or 0.002 to 0.004 in. per 1000 hr). One engine, 
also included, gives 2000 to 3000 hr operation per 0.001 in. wear 
(or 0.0005 to 0.00033 in. wear per 1000 hr). 

A recent service experience, involving a 925-hp, four-cycle 
Diesel engine, further illustrates the fact that very low wear rates 
are sometimes encountered. This engine, in ferryboat service, 
operates 24 hr per day every day in the year, except for two 2- 
week periods in dry dock for scraping and bottom painting. 
This engine is of the solid-injection type, 18 in. diameter X 24 in. 
stroke, running at 200 rpm. 

New rings were installed in October, 1936, at which time the 
cylinders showed an average wear of 0.003 in. When recently 
examined in February, 1939, the maximum wear was found to be 
0.009 in. or 0.006 in. increase in approximately 18,000 hr run- 
ning; this is equivalent to a rate of 0.00033 in. per 1000 hr. 
Lubricating-oil consumption is reported to have been less than 
5 gal per day or approximately 4400 hp-hr per gal. 

In automotive engines, a cylinder wear of 0.001 in. to 0.003 in. 
diameter increase per 10,000 miles seems the normal experience 
with American engines. Piston-ring wear generally averages 
0.003 in. to 0.005 in. per 10,000 miles. 


a Ebasco Services, Inc., New York, N. Y. 


‘Master Mechanic, Stanolind Pipe. Line Company, Tulsa, 
Okla. 
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Aircraft engines, even with very hard nitrided cylinders, fre- 
quently give a barrel wear of 0.0025 in. per 1000 hr. In this case, 
however, the time is roughly equivalent to 150,000 miles. Rings 
are of course always renewed at the overhaul period of 400 to 
600 hr. 

While all of the foregoing wear figures are offered as average 
values, undoubtedly there will be disagreement as to their being 
typical, since they may not be in accord with individual experi- 


Fie. 1 Top View or Unit Usrep FoR LUBRICATED 
Tests UNDER H1GH PRESSURES AND LOADS 
ence. It is this element of doubt which justifies employing some 


form of laboratory wear-test apparatus in an effort to eliminate 
the many variables experienced in actual service, and to rate the 
wearability in arbitrary values. 


LABORATORY WEAR TESTING 


During recent years, as a result of work done by various in- 
vestigators relative to the effect of metal structure on wear re- 
sistance, it is now quite generally accepted that structure, rather 
than hardness, mainly determines wear resistance. 

In spite of a wider knowledge of wear-resisting materials and 
alloys, the nature of wear itself yet remains an elusive quality, 
since it appears that each individual type of installation (having 
apparently its own particular set of conditions) reacts differently 
in relation to its wearing parts. 

These conditions are further complicated by the fact that 
there is no universal or accepted method for testing or measuring 
wear resistance. In fact, it has been stated that a standardized 
wear-test machine is highly undesirable, as such an apparatus 
cannot possibly simulate conditions of all classes of service, on 
much the same basis that no standardized corrosion test has been 
found entirely reliable. 

Due to this fact, many different types of machines have been 
used with varying degrees of success. All of these machines 
have failed, in one respect or another, to duplicate exact operating 
conditions. Nevertheless, it is believed that each of these at- 
tempts at measuring wear has added a bit more toward the 
total knowledge of wear characteristics in metals. 

In a previous paper,’ the author described certain wear results 
obtained with a machine of the brake-shoe type, wherein a flat 
specimen is held against a revolving drum, using a fixed load, no 
lubricant being supplied to the surfaces. A feature of this pro- 
cedure is that, at the start of the test, the unit pressure is ex- 


5 “Some Experiences With Wear Testing,’’ by Paul S. Lane, Trans- 
actions, American Foundrymen’s Association, vol. 45, 1937, pp. 
157-199. 
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tremely high (momentarily at infinity), as the specimen makes 
only line contact with the drum. As wear takes place, unit pres- 
sures are lowered, depending upon the rate of wear of each speci- 
men. 

Fig. 1 shows the wear-testing apparatus, additional details of 
operating procedure may be found by reference to the paper.' 
Table 3 gives arbitrary wear values used to rate piston-ring-iron 
specimens. 


TABLE 3 WEAR VALUES FOR RATING IRONS 
Weight loss in 


Rating 1 hr, mg 

sets ce 20-24 


Fig. 2 shows a schematic view of results on an extended wear 


test, comparing “time to seat-in” for a “good-” and for a “poor-” | 


wearing iron. This illustrates the possible range encountered in 
the method of testing under consideration. 


Wearing Specimen = Specimen 


Foint of contact Point of contact 


At start of run, both specimens make only line contact 


Pally seated Partial seating 


After 4 houre after 4 hours 


After 19 hours 
600 mgs. “eight loss 180 mgs. Weight loss 


After 19 hours 


+054" penetration 


DIFFERENCE OF SEATING-IN FOR Goop- AND Poort” 
WEARING IRONS 


Fig. 2 


Gray cast iron is markedly affected by the speed of cooling) 
This in turn, is largely determined by the section thickness of th 
casting. This action fs illustrated in Table 4, which shows t® 
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effect of section on the same ladle of iron poured in different s* 
test bars, the combined carbon and hardness increasing as t 
section size decreases. 


TABLE 4 EFFECT OF SECTION SIZE ON GRAY IRON CASTING 


Cross section, in. 2 


Graphitie carbon, per cent 2.95 2.90 2.80 2.65 2.4 § 
Combined carbon, per cent 0.45 0.50 0.60 0.75 1.00 
Brinell hardness 160 180 210 260 3m 


The change in hardness also means a change in other prop ; 

ties such as graphite size, strength, and wear, or abrasion res i 

ance. This latter action is mentioned for the reason that it ™)> 
frequently be referred to throughout the remainder of this pap* 


DiesEL-ENGINE CYLINDER CASTINGS 


One of the early investigations, in which the author part®f 
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pated, had to do with small Diesel-engine cylinder castings. Two 
sizes of engines were involved, one having a bore of about 3'/, in., 
the other a bore of 4'/; in. The section thickness of the bore 
proper was */;, to */s in. for the smaller engine, and approximately 
*/, in. for the larger. The smaller engine showed normal wear in 
service, while the larger bore was giving high wear and scuffing 
troubles. Data on these castings are given in Table 5 and their 
microstructure in Fig. 3. 


TABLE 5 WEAR DATA ON DIESEL CYLINDER CASTINGS 


- Bore, 3'/: in. Bore, 4!/2 in. 
4 Silicon, per cent..... 2.10 1.92 
§ Sulphur, per cent.... 0.061 0.097 
q Phosphorus, per cent. . 0.19 0.14 
per cent..... 0.68 0.69 
Total carbon, per cent... . 3.11 3.28 
Graphitie carbon, per cent. . 2.55 2.86 
Combined carbon, per cent... 0.56 0.42 
\ Nickel, per cent........... 0.57 ae 
Chromium, per cent...... 0.08 0.10 
Molybdenum, per cent..... 06 0.31 
Average Brinell hardness. . 158 
Rockwell range........... 87-91B 80-85B 
_ Wear value, mg..... 15.8 .6 


The wear value on the larger-bore engine is satisfactory from 
a weight-loss angle and may be viewed as not correlating with 
service results. On the other hand, it shows that the normal 
} ferrite-graphite structure, if accompanied by large graphite 
} flakes, resists wear (due to its toughness) in so far as weight-loss 
values are concerned. However, this very toughness accounts 
mainly for the scarring and scuffing tendencies of such structures. 
While this is not always clearly defined, it was noticed that 
> marked roughening of the contact surfaces occurred with this 
} specimen. A similar matrix, if accompanied by fine eutectic 
graphite, which more completely breaks up the continuity of the 
structure, would show a much higher wear rate. 

As to the cause for such undesirable structures, this is due to 
incorrect analysis for the section thickness. Thick or heavy 
sections cool slowly, which may allow time for the structure to 
reach the so-called “stable” and undesirable ferrite-graphite 
composition (as shown at the right in Fig. 3), instead of one of 
the normal pearlitic forms. The same iron, only with lowered 
silicon content to adjust for cooling rate, would result in a struc- 
ture similar to that in the 3'/;-in. bore. 


Bork StRucTURES, ETCHED, 
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X 200 


In connection with these results, it seems appropriate to men- 
tion that such conditions are apt to occur where castings of vary- 
ing types and cooling rates are made under a broad chemical 
specification. When this is true, the foundryman should not be 
held entirely responsible. Rather, the fault lies with the man- 
agement which may sometimes fail to appreciate the importance 
of mass effect and demand that all castings fall within a specified 
composition. This illustrates the need for close cooperation be- 
tween the engineering and foundry departments, which is being 
urged more and more by the various technical societies. 


VARIATION IN STRUCTURE AT Port AREAS 


Another example of the complications resulting from section 
thickness and design is the case of a cast-iron port section from a 
two-cycle Diesel engine having a bore of about 10 in. The ribs 
which separate or form the port openings have a relatively thin 
section, which is further exaggerated if the ports enter the cylin- 
der tangentially rather than radially. The tangential design 
gives a thin tapered section immediately at the bore surface. 

Under test and in service, these engines showed normal wear 
at the areas above and below the ports, where the metal thickness 
was approximately */,in. Excessive wear was experienced along 
the port ribs, where the metal thickness varied from !/15 to 3/s in. 
Aside from any consideration of the metal structure, for many 
reasons it is true that more wear would naturally be expected 
around the port areas. The possibility of maintaining an oil 
film at this point is greatly lessened, and unit loading is higher. 
However, the wear on the ribs was so pronounced that metal- 


TABLE 6 TESTS ON CAST-IRON PORT SECTION OF TWO-CYCLE 
DIESEL ENGINE 


CuemicaL ANALYSIS 


Silicon, per cent......... 1.30 Manganese, per cent.... 0.90 
Sulphur, per cent........ 0.14 Total carbon, per cent... 3.20 
Phosphorus, per cent.... 0.12 Chromium, per cent..... 0.12 


Wear Tests 


Specimen Section thick- Weight ——Hardness——. 

ocation Mark ness, in. loss, mg Rockwell Brinell 
Full section....... A V/: to 3/4 15.2 89.7B 185 
Port section...... B 1/i¢ to 3/3 35.6 90.7 190 
Port section...... Cc 1/16 to 3/3 30.4 89.2 180 
Rib-port section... D 5/5 23.5 89.5 183 
Full section....... E to 15.3 .0 175 
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: : TABLE 7 WEAR TESTS ON SECTIONS POURED UNDER 

structure and wear tests were studied. The results are shown in ’ DIFFERENT FOUNDRY CONDITIONS 
Table 6, together with the chemical analysis and hardness. 

From the results shown in this table, it is seen that a 2 to 1 ratio Full section, Rib section, Rockwell B Engine 
Cast no. mg mg Full section Rib section 
in wear rate is indicated with only a small hardness variation. A 147 26.8 90.7 89.0 : 
Fig. 4 illustrates the structure existing at the full sections and 2 
rib sections. The heavy section (top) has a normal eutectoid D 10.4 16.6 96.5 96.5 2 
structure, rather coarse graphite (slowly cooled) and good indi- fe F 
cated wear. The rib areas (bottom) have the fine dendritic G 15.5 20.8 95.5 94.0 H 

H 14.0 29.5 87.7 89.0 I 

graphite along with numerous ferrite spots; an abnormal struc- J 
ture with lowered abrasion resistance. more recent wear tests, conducted on sections poured under dif- Ny 

These tests have not as yet been brought to a conclusion, so it ferent foundry conditions, are shown in Table 7; note the lowered F- oo 
cannot be stated definitely just how important a part the metal wear rate in some of the rib areas. 


structure will play in the solution of this problem, However. Conditions such as the foregoing, that is, structural and wear 


Fig. 5 


variati¢ 
sleeve ( 
ever, it 
of hard 
) with th 


4 
4 
a 


For t 
the 

matrix 

liners a 
fost A 
fully pe 
machin 
irons 
may be 
Such 
tively ke 
cies, 7 
Thundre< 
shows 


~~ 


Unetched, X50 Etched, 200 


Fre. 4 Larce Dieset-Enorne Structure; (Top) THICKNESS aT Fuut Sections, #/4 In.; (Bottom) Taickness aT Ris 
on Port Angas, !/4 IN. 


E 
ke 
Speci 
4 
Z 


LANE—WEAR OF DIESEL-ENGINE CYLINDERS AND RINGS ag 


TABLE 8 CHEMICAL ANALYSIS AND HARDNESS OF CYLINDER LINERS 
Finished Total ; 
bore section, Silicon, Sulphur, Phosphorus, Manganese, carbon, Nickel, Chromium, Molybdenum, Copper, 

Engine in. Brinell per cent per cent per cent per cent per cent per cent per cent per cent per cent 

A wh 185 2.10 0.060 0.19 0.68 3.11 0.57 0.08 0.06 

B 350 + ———(Case-hardened on no analyses run) 

( /s 235 2.00 0.10 0.09 0.58 3.12 0.29 0.66 0.45 Nil 

D a/s 215 1.80 0.14 0.16 0.50 3.06 0.40 0.80 0.42 Nil 

E 5/16 210 2.10 0.095 0.28 0.63 3.18 0.27 0.50 0.42 Nil 

F 3/4 215 1.45 0.10 0.15 0.90 3.12 1.04 

G 3/4 175 1.45 0.10 0.21 “a 3.20 

H 1 145 1.70 0.11 0.14 os 3.53 es 

I 11/5 150 2.01 0.11 0.08 3.25 

J 1l'/, 175 1.87 0.17 0.51 0.80 3.08 0.97 0.40 Nil Nil 

kK 11/4 165 1.78 0.18 0.28 0.70 3.02 0.40 0.10 Nil Nil 

L 185 1.35 ; 2.90 


NoTeE: .) No determination made. 


Fig. 5 


APPEARANCE OF WORN SURFACE OF CYLINDER IRON; Low 


Weiout Loss put H1GH SUSCEPTIBILITY TO SCUFFING 


variations within a single bore, are less prone to occur in liner or 
sleeve castings where the section thickness is more regular. How- 
ever, it appears that present-day liners cover a rather wide range 
of hardness and chemical composition, as shown in Table 8 along 
) with the section thickness. 


NATURE OF LINER STRUCTURES 


For the most part, liner irons for larger-bore engines are typical 
of the usual gray-iron casting used for various purposes. The 
matrix is mostly pearlitic. Generally, though not always, the 
liners are devoid of sizable amounts of free ferrite or cementite. 
Most American and foreign investigators are in agreement that a 
lully pearlitie structure gives relatively lower wear than othe: 
Sachinable types of structure. Another characteristic of such 
‘, irons is that they usually have relatively coarse graphite, so they 
may be classified as of the “coarse-grained” variety. 
© Such structures, under friction conditions, generally show rela- 
~ tively low weight loss but with decided glazing or scuffing tenden- 
cies. This statement is based on a testing experience covering 

“hundreds of various structures during the last few years. Fig. 

5 shows the appearance of the worn surfaces of six cylinder-iron 
3 pecimens. The light areas are dragged or “worked” metal simi- 


lar to those encountered when metal-to-metal contact is present in 
rubbing surfaces. Early in wear-test work, the author observed 
this feature. Subsequent testing has developed a somewhat 
better understanding of this action, although films and surface 
effects are far from being entirely understood. 

It is believed that the added ductility and toughness of coarsely 
pearlitic structures largely account for this worked surface. 
Irons of this type have certain bearing-like characteristics in that, 
under frictional forces, intimate contact with the mating surface 
is seldom obtained but rather, high and low points exist simila: 
to the duplex structure in a babbitt. This means that the high 
points carry the load, while the low points hold the lubricant. 
It also means that areas of high local stress exist at the “‘tops’’ 
or “peaks” and, when conditions become sufficiently critical, 
sc pst or seizure occurs. 

Pearlite, the dominating microconstituent in cylinder irons, is 
made up of alternate layers of ferrite (which is soft and ductile 
with Brinell around 100) and cementite, or iron carbide, having a 
Brinell of 600, with good strength, but of a brittle nature. Under 
conditions of boundary lubrication or dry rubbing, there is suffi- 
cient flow of the ferritic material to initiate scuffing or incipient 
galling. This action may tend to strengthen and support the 
surrounding crystals of cementite. A similar action is also be- 
lieved to take place in the case of the hard phosphorus or steadite 
constituent when this is present in the microstructure. In order 
to explain this action, it appears that the pulling away of the 
particles of ferrite from the matrix also allows them to roll against 
and pack around the harder constituents, thus reinforcing the 
base of these compounds and actually strengthening them. 

The ferrite movement between the laminations of cementite 
may also tend to lower unit pressures on the latter. It is believed 
that this surface is constantly changing upon itself. It is this 
quality which leads to the belief that the coarse pearlitic irons 
tend to “bruise easily and heal quickly,” providing the point of 
critical loading is not exceeded. This theory appears to tie in 
satisfactorily with the low weight losses commonly experienced 
in the case of the relatively soft and weak irons. Another ob- 
servation which should be mentioned is the greater abuse to the 
contact surface which obtains when testing irons of the cylinder 
type. This appears to be due, in part at least, to a tendency to 
load with wear products. In this instance, the nature of the 
structure is such that the tendency toward “imbeddability” 
of abrasive particles may be readily understood (Figs. 6 to 9). 

Thus, on the basis of the foregoing reasoning, the viewpoint 
may be taken that cylinder or liner irons, at least those with 
which the author is familiar, generally have the following char- 
acteristics: 

1 Coarse graphite and laminated pearlite matrix, generally 
near eutectoid composition. 

2 Low dry-wear values based on the weight-loss method, but 
with proneness to scuffing. 

3 Surface toughness or “flowability” indicated by character 
of friction surface. Wear products tend to adhere rather than 
slough away. 
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4 A “bruise readily and heal quickly” quality, probably a de- 
sirable feature if unit loading does not become too high. 

5 Imbeddability, which may account for high abuse or lap- 
ping action to mating surfaces. 


In actual service most Diesel cylinders show an excellent pol- 
ished or glazed condition in those areas where lubrication is nor- 
mal and resultant pressures lower. Near the tops of the cylin- 
ders, however, higher wear oftentimes accompanied by scuffing 
is sometimes encountered. Aside from the other causes to which 
this is frequently attributed, some of the characteristics men- 
tioned may also bear on this phenomenon. 
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NATURE OF Piston-RinG IRONS 


Although piston rings, as well as liners, are of gray cast iron 
they are very different structurally from the cylinders just dis- 
cussed. First the graphitic carbon is present in a finely divided 
form which breaks up the continuity of the metal. Second, 
though they are for the most part pearlitic, this constituent is of 
an extremely refined form approaching a granular rather than a 
laminated make-up. Figs. 10 and 11 illustrate the usual ring. 
iron structure. A comparison with the cylinder irons, shown in 
Figs. 6 to 9, brings out clearly the marked differences. Fig. 12 
shows the usual appearance of ring-iron wear-test specimens. 


Fie. 6 Microstructure oF CYLINDER LINER OF ENGINE F, 8-IN. Born; 220 BrRINELL 


drum wear, 90 mg; total wear, 105 mg. 


(Wear value, 15 mg; 


Medium graphite, low phosphorus, pearlitic, slight scuffing tendency. 


Fie. 7 oF CYLINDER OF G, 10-INn. Bore; 175 BRINELL 


(Wear value, 10 mg; drum wear, 115 mg; total wear, 125 mg. 


Very coarse ‘“‘chunky” graphite low phosphorus, coarsely pearlitic, decided scuffing * 
welding properties.) 
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Irons of this group show relatively high wear as tested under 
the same conditions as cylinder compositions. This is due to the 
fact that they are “finer grained” and “‘less crystalline,” both of 
which expressions are erroneous in metallurgical terminology but 
are used in the hope that they will convey the meaning. These 
ring irons, however, have two very distinctive and desirable 
qualities: First, they are exceptionally free from scuffing inclina- 
tions, and second, they are sacrificed to maintain the integrity of 
the cylinder. 

The freedom from scuffing inclinations is due primarily to the 
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form of graphite, which results in a ready sloughing away of wear 
products, permitting the material continually to present a smooth 
unblemished face to the mating surface. Particles of the surface, 
cut or abraded by wear forces, do not build or “ball up,” but 
rather are prone to powder away in a fine dust. To illustrate: 
soft steel, due to its toughness and ductility, is infamous for its 
scuffing proclivities. Under dry rubbing, the wear products 
weld to the surface eventually resulting in galling and seizure; 
this being the converse of ring-iron characteristics. 

Tests also have shown that, when wearing against a wide range 


Fic. 8 Microstructure oF CYLINDER LINER OF ENGINE D, 5-IN. Bore; 215 BrineLu 


(Wear value, 8 mg; drum wear, 116 mg; total wear, 124 mg. 


Fine graphite, alloyed iron, free carbides, structure has cutting and scoring proclivities.) 


Fie. 9 Microstructure oF CYLINDER oF Enarnz I, 14-In. Bore; 150 


(Wear value, 17.4 mg; drum wear, 62 mg; total wear, 79.4 mg. 


Medium to fine graphite, medium pearlite, good antiscuff properties.) 
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Fig. 10 Microstructure 8-IN 
(Wear value, 32 mg; drum wear 38 mg; total wear, 70 mg.) 


Fig. 13 
(Relatiy 
normal 
i cylinde 
scuffing 
) cylinde 
Unetched, X50 Etched, 200 
Fig. 11 Microstructure 14-In. [ron 
(Wear value, 27 mg; drum wear, 47 mg; total wear, 74 mg.) 4 Engine 
A 
of mating materials and finishes, ring irons do not load or abrade. 3 A granular surface tending to free itself of wear products Fc 
Instead, they are themselves worn, taking the major part of | thus presenting a smooth unblemished contact face even unde’ p 
frictional abuse. adverse loading. 4 F 
Piston-ring irons, on the basis of the foregoing, may be said 4 Tendency toward glazing is less than in coarser-type irol’ : G 
to possess the following characteristics: such as are often used for cylinders and liners. sg f 
1 Very fine graphite and sorbitic-pearlite matrix of eutectoid to of — matter so ths K 
composition. apping action is not present on the ring face. - 
2 High dry-wear values, based on weight loss only, but with In present-day practice, coarse-grained irons are utilized !' FB ‘thee: 
good freedom from scuffing proclivities. cylinders and liners, and fine-grained irons for rings. In both JB7 #ive tota 
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instances, this is likely a result of foundry practice rather than 
of choice. Fig. 13 shows the difference in grain or cell size of a 
Diesel-engine liner and a ring. It is apparent that structurally 
_ these irons are very different, this difference being one of cooling 
Fig. 14 further illus- 
trates this condition showing the difference in graphite size be- 
tween a ring and a cylinder. 

The apparent theory is that coarse-grained irons are best for 
cylinders since they will glaze and polish, due to their natural 
surface toughness. This results in low wear if lubrication is al- 
ways present. When oil supply is erratic for one reason or an- 
other, metal-to-metal contact 


occurs. When this happens, 


Fie. 12 


Worn OF 
SPECIMENS 
(Relatively high weight loss, but with ability to slough off wear products 
without surface mutilation.) 


APPEARANCE OF 


1 normally the piston ring will take the abuse and protect the 
‘cylinder. If the dry condition becomes too severe, however, 
scuffing starts. It is believed that this is usually initiated on the 
cylinder surface and is then transferred to the rings, with the re- 


TABLE 9 DIESEL CYLINDERS—WEAR VALUES 


Cylinder 


bore 

(approx), —_——Wear, mg——— 

4 Engine in. Cycle Brinell Cylinder Ring Total Surface 
A 31/2 4 185 15.8 59.0 74.8 Smooth 
B 4 350+ 5.5 140.0 145.5 Scuffed 
Cc 43/s 4 235 «11.2 68.8 80.0 Scored 
D 5 2 215 8.0 116.4 124.4 Seored 
E 4 210 75.6 88.8 Smooth 
F 8 4 215 90.0 105.0 Slightly 

scuffed 

G 103/4 4 175 10.1 115.0 125.1 Seuffed 
H 103/4 4 145 11.2 143.0 154.2  Seuffed 
I 14 4 150 17.4 62.0 79.4 Smooth 
J 14 2 175 15.0 73.6 88.6 Smooth 
K 14 2 165 17.5 60.5 77.5 Smooth 
16 4 185 12.6 75.1 87.7 Seuffed 


Nore: 


be Psi Ring irons run against cylinder irons average 30 and 45 mg and 
ota 


wear of 75 mg without surface scarring. 
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sult that, unless conditions change or relief in the form of oil 
supply takes place, serious galling or seizure ensues. 

Table 9 gives wear-test results of cylinder and liner irons op- 
erating against surfaces representing average piston-ring struc- 
tures. Although weight-loss values are relatively low, it is seen 
that there is considerable abuse to the mating surface (ring wear) 
accompanied in most cases by scuffing or scoring of the cylinder 
specimen. 


SUGGESTED STRUCTURAL CHARACTERISTICS FOR CYLINDERS 


As mentioned early in the paper, this research work has been 
in the nature of a survey or review of existing practices. It would 


Etched, X5 


IN GRAIN Sizes OF CYLINDER AND 
STRUCTURES 


Fig. 13. DirFERENCE RING 


14. ComparIsON OF GRAPHITE S1zEs IN CYLINDER [RON (LEFT) 
AND RinG IRON 


be presumptuous (if not outright dangerous) for the author to 
recommend a specific analysis, hardness, and structure for cylin- 
ders and liners. This will be obvious when the many factors 
involved are considered, e.g., castability, machinability, strength, 


Same 
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and suitability for a given design, variations in finishing, loads, 
field of service, lubrication, etc. All of these must of necessity 
be fitted into the proper balance for any one engine casting. 
However, the photomicrographs, Figs. 6 to 9, were selected as 
being typical (at least from the limited studies made) of the 
characteristics described. The author feels that, since this 
phase of the subject has received only limited attention, the 
trends and characteristics indicated may act as a starting point 
for further investigations in conjunction with service experience. 


RING AND CYLINDER HARDNESS 


A matter which is frequently discussed is the relative hardness 
of rings and cylinders. Often the viewpoint is taken that similar 


Piston 


Cylinder Wall Cylinder Wall 


Fie. 15 Insert-Type 8-IN. X !/«-InN. Piston Rinc—28 Ls TENSION 


(A, During run-in, unit pressure is high, 43 lb per sq in.; giving quick 

sealing and seating, and conditioning cylinder surface. Oil may accumulate 

between contact face, aiding in sealing action and furnishing lubrication. 

The bronze can carry high loads without scuffing. 8B, After complete 

seating, unit pressure drops to 14 lb per sq in. ring and cylinder surfaces are 

now mated. Filming action of bronze continues, and wear is retarded on 
both surfaces.) 


hardness should in no case be used, this belief probably being de- 
rived from the early experiences of running like metals to- 
gether in many instances with poor results, as compared with 
over-all wear when dissimilar metals are rubbed together. Then 
again the belief exists that ring hardness should be less than that 
of the cylinder or liner to protect the latter and throw wear on 
the rings. A third thought is that, ring surfaces being so small 
in relation to the cylinder area over which they travel, rings 
should be of greater hardness to get the proper wear balance. 
There is also a feeling that rings should be harder than the liner 
because of the imbeddability of cylinders, and their tendency to 
pick up foreign material, such as silica from dusty air, thus form- 
ing a lap which would wear the rings. This theory was held be- 
fore the advent of air cleaners and oil filters in the automobile in- 
dustry. It also holds under certain unusual conditions such as 
in oil-field service, hot oil pumps, etc. 

Experience and the data here submitted would indicate that 
more consideration should be given to the compatibility of the 
mating materials, based on their structural make-up, allowing 
hardness to come as a secondary consideration. It is reasonable 
to conceive that an attempt might be made to reduce cylinder 
wear by utilizing softer rings, based solely on a hardness meas- 
urement. Depending upon the type of structure used, the exact 
reverse of what is desired might result. 


COMPOSITE AND BIMETALLIC CONSTRUCTION 


Even though gray cast iron is a series of alloys with widely 
different wear properties, for one reason or another it is often 
difficult to make it satisfy all the requirements demanded by 
present-day usage. For example, modern high-speed engines, 
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particularly automotive engines, are composed of a variety oj 
metals substituted in the various wearing areas. For many 
years, engine bearings have been lined with bronze or babbitt, 
as these allow ready replacement, together with lowered wear 
rates. Valve-stem guides are now for the most part inserted 
with a material better suited for the particular heat-and-wear 
problem in the valve chamber. The same is true for valve seats 
and cylinder sleeves. Thus, in many cases, the original block 
casting acts mainly as a rigid frame, upon which are located 
various alloys, each to handle a specific type of abuse. 

Another illustration of this trend is the modern aircraft-engine 
valve itself, which performs satisfactorily for several thousand 
hours under extremely adverse temperature conditions. Ye 
the steel from which this valve is made, though the best known 
for the purpose, fails to satisfy all the types of abuse encountered, 

The wearing properties of the stem are not just right, so the 
surface is nitrided; the tip, subject to impact, is a special in. 
serted alloy, while the valve face itself is stellite coated. Thus 
even this relatively small but important engine part is of com. 
posite construction. 

In the case of piston rings, the so-called insert or Gold Seg 


Fu 
4 COoars 
that ui 
dicatec 
tion, |i 
ported 
Two Cycle Piston Four Cycle Piston A re 
Fig. 16 [Nsert-RING INSTALLATION 
two-cy: 
type is quite widely known. This design consists of a cast-i0 f- a ip 
ring section, having one or two grooves machined in the cylinder si ed . 
contact surface, into which is pressed a phosphor-bronze bearittf— 
strip. This band is permitted to project a few thousandths °F 
an inch so that, during the seating-in period, only the bron — Duri 
contacts the cylinder, but with relatively high unit pressut bin 
This gives a rapid and complete sealing during the critical seat“ f no hi 
period and yet the initial scoring and scuffing, so frequently ne ditions 
perienced during the run-in operation, is eliminated. This 
sign is illustrated in Fig. 15, which shows the insert ring 
and after complete seating. For larger rings with a wide conta ject 
face, the two bronze strips form an oil seal and also aid lubricé dof the d 
tion of the top rings. Furthermore, a bronze film is deposi F™ in milli 
on the cylinder surface, which promotes friction reduction F imregula, 
retards scuffing action. Such a design seems admirably Prese; 
for operation against surfaces which, as indicated in previ’ f” tends m 
data, have scuffing tendencies. Fig. 16 shows typical in® Halread 
rings for a 2- and a 4-cycle engine. ) wear m4 
Fig. 17 shows in graph form the results of laboratory ring-— — 
cylinder-wear tests using plain iron and “‘insert-ring’’ specie a “The 
It is seen that besides the marked reduction in ring wear, cylin F_ he 
wear is both considerably lower and more uniform. _ 
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Table 10 indicates results obtained on a 12!/; * 13'/,-in., 
auxiliary, marine Diese] engine after the first 1450 hr operation. 
New liners, with a turned finish were installed, which gives a 
rather adverse condition from an initial-wear standpoint. The 
marked reduction in cylinder wear with insert rings is neverthe- 
less significant. 

Though ring-wear figures are not available from this test, it was 
reported that, at the time of inspection, the iron portion of the 
insert rings was just starting to make contact with the cylinder. 
Referring to special iron 20C, this was an alloy composition with 


TABLE 10 RING AND CYLINDER SERVICE RESULTS ON AUX- 
ILIARY MARINE DIESEL ENGINE—1450 HR OPERATION 


—Laboratory wear tests— 


Actual service Ring Cylinder 


results; cylinder wear, wear, 

wear, in. mg mg 

20A Insert rings —0.00225 12.5 24.0 

20B Regular iron rings —0.0037 34.6 37.4 

20C Special iron rings -0. 0045 11.2 77.3 

Legend 

50, A——--— Plain Iron Ring 
B--—-—- Plain Cylinder 

~C--~--- Gold Seal Ring 


Gold Seal Cylinder 


& 


Wear 


Determination Number 
Fic. 17) Wear Tests or anp InsertT-Type 
a coarse grain structure and Brinell hardness of 170. It is seen 
that under test and in service, cylinder wear is high, while in- 
dicated ring wear is very low. Prior to the above test installa- 
tion, liner wear for approximately 22,000 hr running was re- 
ported as being 0.08 in. or 0.0037 in. per 1000 hr. 

A recent service confirmation of the reduction in cylinder and 
ting wear through the use of insert rings is the experience with a 
two-cycle submarine engine which showed a maximum cylinder 

_ wear of 0.003 in. after approximately 10,000 hr running. Nor- 
mally in such service a wear of three times this amount is con- 
sidered satisfactory. 


RUBBING-SURFACE FINISHES 


During the last few years, remarkable improvements in finish- 
‘ing rubbing surfaces have been witnessed. This has been 
brought about through a better understanding of friction con- 
‘ditions, action of lubricants, and methods for evaluating or meas- 
_ uring surface roughness. The profilometer, developed by Dr. 
} E. J. Abbott,* has already broadened the knowledge on this sub- 


ject and provided a far better realization of the vital importance 


: of the degree of surface irregularity. This instrument measures, 
/'2 millionths of an inch, a running average of the height of the 


Jimregularities which constitute the roughness of the surface. 


Present-day practice, particularly in the smaller-bore engines, 
jtends more and more to honing of cylinder surfaces. There is 


Jslready evidence that, through these improved surfaces, initial 


4 Wear is greatly lessened. In larger-bore engines, however, a great 


*“The Profilometer,” by E. J. Abbott, S. Bousky, and D. E. 
Milliamson, Mechanical Engineering, vol. 60, March, 1938, pp. 205- 
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number of cylinder finishes is still used, ranging from a so-called 
“fine-turned,”’ to varying degrees of finish-grinding, with some 
few manufacturers using or considering honing as the final treat- 
ment. 

Unfortunately, cylinder finishing is generally done so that the 
cutting or grinding is normal to ring and piston movement, re- 
sulting in a marked “file eftect,’”’ with consequent high wear. 
The author recently examined several ground Diesel liners after 
approximately 6000 hr running, most of the grinding marks, 
except at the top-ring belt area, were still in evidence. Inci- 
dentally, excessive cylinder wear was a problem on this engine. 
It is likely that considerable improvement might be obtained 
through better cylinder finishing. 

Aside from the rapid wear experienced with poorly finished 
bores, there is also the matter of the action of lubricating films on 
various surfaces. A honed finish characterized by a dull ap- 
pearance seems to give good adherence or adsorption of oil films. 
Though much remains to be learned of this action, it is believed 
that surfaces glazed by grinding, chromium-plated surfaces and 
nitrided surfaces do not “wet’’ readily, whereas honed or matte 
finishes, and etched surfaces show good “blotter-like” or wetting 
action. 

As an illustration of improved surfaces, Fig. 18 shows photo- 
micrographs at 100 diameters of piston-ring surfaces. View (a) 
is the conventional side-face finish from a rotary grinder; this 
surface having a pleasing appearance and luster. However, the 
surface roughness is between 20 and 30 microinches (expressed 
0.000030 in.). View (6) is a lapped side-face finish of 2 to 3 
microinches. This finish is so smooth that some structural de- 
tails are plainly visible. A similar type of finish is shown in (c), 
this being the lower contact edge of a tapered aircraft-engine ring 
which has been lapped to line contact prior to shipment to the 
engine builder. The cylinder-contact face of a worn piston 
ring after 4 yr service is shown in (d). The similarity between 
this photomicrograph and those of (6) and (c) is interesting. 
This ring had an excellent surface condition free from scoring or 
scuffing, the surface of the ring having been merely washed with 
naphtha and alcohol to remove grease and stains prior to photo- 
graphing. 

The improved face finishes on aircraft rings are reported to re- 
tard ring sticking and groove wear, reflect favorably on oil con- 
sumption, and also provide a ring of better flatness.’ Piston 
grooves should, however, also come in for attention when using 
these improved finishes. 


CHEMICAL SURFACE TREATMENTS 


The foregoing discussion of metal surfaces would naturally be 
incomplete without some mention of the wider application of 
chemical treatment to friction surfaces. C. G. A. Rosen pre- 
sented a paper® on this subject in 1937. Incidentally, his com- 
pany pioneered in the application of chemically treated surfaces. 
Mr. Rosen mentions that ‘‘piston rings which normally required 
about 100 hr to obtain full ring-face conditioning, and 100 per 
cent bearing face, can be run into comparable surface contacts in 
3 hr.” The basic purpose of all treatments is the more rapid 
seating and better sealing during the run-in period. Numerous 
surface treatments are now available so there is a wide range of 
theory, color and composition at hand, from which the most 
suitable may be selected to fit a particular case. 

Four general classifications might be mentioned: (a) metallic 


7“Piston-Ring Performance and Its Relation to Lubrication,” by 
A. L. Beall, Society of Automotive Engineers (Baltimore Section), 
Feb. 2, 1939. 

8 ‘Lubricating Problems in Connection With High-Speed Diesel 
Engines,”” by C. G. A. Rosen, Trans. A.S.M.E., vol. 60, 1938, paper 
OGP-60-4, pp. 145-151. 
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Fic. 18 Various Types oF FINiIsHes On Rinos, 100 


[(a) Usual face finish, 30 microinches. (b) Hypro-lapped finish, 4-6 microinches. (c) Outside diameter of tapered ring. (d) Outside diameter o 
Diesel ring after 4 yr service. Surface cleaned and buffed lightly. 


plating, (b) oxide coating, (c) phosphate coating, (d) chemical 
sulphidizing. It should be mentioned that all of these are short- 
lived, being designed primarily for the run-in period. The treat- 
ment penetration or thickness is usually about 0.0005 in. or less. 
However, there is no doubt but that they can and often do en- 
hance run-in operations. This of course can affect subsequent 
wear rates to an appreciable extent. 

The metallic platings reduce friction and correct for slight er- 
rors in ring and cylinder fitting, this being common also to the 
other types. If low-melting-point metals are used, there is some 


question as to their stability, particularly in gas engines operat 
above the melting point of the coating. Their wetting action 
satisfactory and it has been reported that a definite weight ® 
crease is obtained when rings so treated are immersed in hot 
The basic theory for their use is the better friction properties *® 
long as they might endure. 


The oxide coatings have the disadvantage that they are & 


erally obtained by high-temperature treatments (around 100! 
so that distortion may be encountered, particularly since © 
treatment must be obtained after final finishing. Their wet™ 
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Fig, 19 
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action is good, and they have been widely used in auto- 
motive work on rings and valve tappets. In general, 
this treatment is deeper than the others; the underlying 
theory being to supply a fine abrasive oxide which acts 
as a lap and polishes the mating surfaces. 

The phosphate coatings were originally developed for 
rustproofing and paint-adherence purposes. This is 
really an etching treatment and gives a matte finish with 
good oil filming. It is quite inexpensive and has received 
rather wide application since many plants had previously 
used it for the preparation of painted surfaces and merely 
applied it to various rubbing parts. A further attempt 
has been made to enhance its action through the ap- j 


date indicate that good success has accompanied this 
improvement. It has the advantage that temperatures 
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Fig. 19 AppeaRANCE OF CyLINDER-ConTACT Face or Berore 
AND AFTER SULPHIDIZING 


\(@) Automotive piston ring, untreated; turned finish, 100. (b) Same 
ring after applying surface treatment, X100.] 


plication of colloidal graphite to the surfaces. Tests to all 


. 20) DirrERENCE IN O1L-WETTING CHARACTERISTICS OF PLAIN 


AND TREATED SURFACES 
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Fig. 21 Ringe Erriciency Curve 


under 200 F are required for treating most ferrous materials. 

Chemical sulphidizing is a process developed by engineers of the 
Standard Oil Company of California. This treatment has found 
broader application in the Diesel field than any of the others, one 
leading manufacturer of high-speed, Diesel-tractor equipment 
having used it for rings and liners for more than a year. 

Fig. 19 shows a smooth-turned surface before and after sul- 
phidizing. Besides the removal of certain microconstituents, 
undesirable from a wear standpoint, the treatment also removes 
loose metal fragments which induce scratching and scoring. 
This is strikingly illustrated in Fig. 19. 

Fig. 20 shows the difference in the ‘‘wetting-with-oil’” action. 
These are two specimens of the same material, the one at the left 
being untreated. These specimens are '/; in. square and magni- 
fied approximately 3'/; times. An equivalent drop of light engine 
oil was placed in the center of each specimen, the photograph being 
taken after 7 min had elapsed. It is apparent that the treated 
surface permits better spreading of an oil film. After 15 min, 
the treated-specimen face was completely covered with the oil 
film, whereas very little change occurred with the plain surface. 

Though this treatment has been used mainly for rings, even 
further improvement results when the cylinder is also treated. 
The sulphidized surface has extreme pressure characteristics, so 
that scuffing of areas under high unit pressure is retarded. 
The adherence of oil films to this surface promotes good sealing 
against blowby between ring and cylinder and also of the side 
faces in the groove. 

The wetting action and extreme pressure characteristics of the 
treated surface are largely results of the chemical action during 
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treatment, since similar properties are also imparted to com- 
pounded oil through chemical effects. 

Though, as mentioned previously, the foregoing practices are 
relatively new, the underlying principles are logical and on this 
basis warrant further study and application. 


RinG 


Fig. 21 shows a theoretical curve of ring efficiency. This re- 
fers to sealing, oil distribution and consumption, fuel consump- 
tion, and wear. For top efficiency, blowby and wear are at a 
minimum for a given set of conditions, other related factors being 
in proper balance. 

As seen from the curve, relatively high wear exists during 
period A or run-in. To a certain extent this is desirable, since 
it is in this manner that final mating of the friction surfaces is 
obtained. If there were no wear or surface adjustment what- 
soever, top efficiency would not be attained. 

Anything done to facilitate this action by shortening the time 
required to reach the beginning of period B seems worth while. 
Better ring and cylinder materials and contours, improved 
finishes and surface treatments—all tend toward reduction of 
time required, and give better final mating. Unfortunately, 
even though it is recognized that A is a critical period, it is often 
given secondary consideration due to apparent need for such 
things as “immediate application of full load.” 

The length of period B is definitely influenced by what hap- 
pened during the A interval. The longer the B period the 
better; at best it will be too short-lived. During B both ring 
and cylinder wear will be at a minimum, other factors as noted. 
This assumes, of course, reasonable care and attention by the 
operator. 

As the C period is approached, indicated by a falling off in per- 
formance, and an increase in fuel and lubricating-oil consump- 
tion, wear rates again increase. Consideration should be given 
to overhaul and replacement rather than permitting conditions 
to reach the D period. This graph while possibly theoretical, 
seems nevertheless to represent a logical sequence to be followed. 


CONCLUSION 


No broad summary nor specific recommendations will be at- 
tempted as a result of the data reported herein. It is the au- 
thor’s opinion which seems to be substantiated by the work re- 
ported in this paper, that in some cases a possible reduction in 
wear rates of 2 to 1 may be expected through proper balance of 
ring and cylinder structures. There is further evidence that 
with existing conditions, a reduction in cylinder wear of roughly 
2 to 1 may be obtained through the use of bimetallic and/or 
chemically treated rings. Thus, theoretically at least, there 
appear to be possibilities for an over-all decrease in wear rates in 
the order of 4 to 1; that is, wear seems possible of reduction to 
one fourth of existing averages. This seems worthy of considera- 
tion, even though the attack on such a problem may probably be 
somewhat different for each individual case. The author reiter- 
ates, that the primary purpose of this paper has been to review 
and consider the possible effects of metal structures on the over-all 
wear problem. 

Appreciation is expressed to the various engine builders and 
operators, whose kindness and cooperation in supplying samples 
and data accounts in a large degree for whatever value may be 
found in this work, and to the author's associate, Richard Taber, 
for his care in performing tests and preparing photographic illus- 
trations. . 

Discussion 
Ratpx Miuuer.* After studying Mr. Lane’s paper, the 


* National Supply Company, Springfield, Ohio. 
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writer is tempted to conclude that the problem of piston-ring and 
liner wear might be solved by giving surfaces a high degree of 
finish before assembling in the engine; for if this can be done, the 
structure or the kind of material lose their significance. 

The oil film under the top piston ring is, of course, very thin 
and, if the rough rrojections on the surface are higher than the 
thickness of the oi. ‘1m, naturally, scoring will result. 

Now, attempts are apparently being made to select materials 
that can be run in or smoothed down without causing damage to 
the surfaces. To this end, wear- and corrosion-resistant quali- 
ties are being sacrificed. 


H. A. Genres.” Referring to the case of the 25-in. cylinder 
worn 0.004 in. as against the small one worn 0.0013 in., as given in 
Table 1, it would seem to the writer that the cases should be re- 
versed because the small engine should be the higher-speed en- 
gine. Logically the wear should be in proportion to the number 
of trips the ring makes across the surface. Also it has been the 
writer’s experience that the higher-speed engine runs with higher 
peak pressure, which would again indicate that it should show 
somewhat greater wear. 

To corroborate and amplify Mr. Miller’s statements on corro- 
sion in liners, we have one installation which showed excessive 
cylinder wear, while other installations with exactly the same 
type engine have even shown subnormal liner wear. We have 
been forced to the conclusion that some corrosive substance in the 
air adjacent the steel plant where this engine is in operatio: 
caused the excessive wear, since the liner will wear as much a 
0.014 in. while the ring will wear scarcely at all. Apparently 
deterioration is taking place on the surface of the cylinder whic! 
can be scraped off easily by the rings. This material cannot be 
very abrasive, otherwise it would cause the rings to wear. 

About the time we had reached this conclusion, Mr. Van Der 
Horst of Holland discussed with us his method of chrome plat- 
ing liners to reduce cylinder wear. He verified the opinion thst 
80 to 90 per cent of cylinder wear was due to corrosion and that 
while the chrome-plated surface was extremely hard, the mai: 
benefit derived was not from the hardness but rather from the 
corrosion-resistance quality. 


E. T. Vincent.'! Cylinder-liner corrosion has been studie 
rather completely by the Institution of Automobile Engineers 
Great Britain, which organization published test results three 
four years ago. These results confirm the remarks made by M: 
Gehres. It is entirely feasible for corrosion to be concentrate 
along the path of the rings, because this surface is being contin» 
ously wiped clean by the rings, whereas other portions of the line 
become coated with a protective layer of carbon. Therefore, whe 
corrosion does not occur on parts other than the ring travel, * 
does not necessarily prove that corrosion does not exist. 


In this paper a ring setup for four- and two-cycle engines ¥* F_ 
taken | 


shown in which the latter were fitted with rings 50 per cent wie 
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than the former. Is this change a definite recommendation, « * 
it accidental? The writer sees no reason, based on actual expe" 
ence, why ring width should be changed for either type of eng” 


E. A. Haskins.'* Fortunately, we have experienced no sem* 
difficulty from piston, cylinder, or liner wear. Corrosion has te 
no problem except in the case of a few experimental applicate* 
in which an effort was made to use the harder types of line 
There has been more difficulty with these than with our stances 
liner, which has a hardness of 200 to 215 Brinell. Possibly “ 


10 Cooper-Bessemer Corporation, Mt. Vernon, Ohio. 
11 University of Michigan, Ann Arbor, Mich. 
12 Hercules Motors Corporation, Canton, Ohio. 
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LANE—WEAR OF DIESEL-ENGINE CYLINDERS AND RINGS 


our use of aluminum-alloy pistons with their better heat conduc- 
tivity which keeps ring temperature down. 


J. B. Jackson.'® The writer has observed cylinder wear which 
might be attributed to the thermal conductivity of the material, 
thereby creating higher surface temperatures on the liner and 
then contributing to the destruction of the oil film. Some of the 
liner wear which was reported in the case of the older engines 
may be attributed to a high thermal conductivity of the iron be- 
cause it is not alloyed. 

Another thing that influences ring wear is the surface tempera- 
ture of the liner, as indicated by the appearance of liners and 
rings in supercharged engines. The writer has examined pistons 
removed from engines that were supercharged to 100 per cent 
above their original power. The pistons and rings appeared to be 
in far better condition than when they were removed, after opera- 
tion at standard rating without supercharging. It is the writer’s 
belief that excess air has a tendency to cool the liner surface and 
give better lubrication conditions. 

The question arises as to how thin rings may be made before 
they become wavy and cause blow-by? The writer advocates 
thin rings, because of the weight of the ring riding in a relatively 
soft material. We are successfully using '/s-in. rings on pistons 
as large as 8 in. diam and 3/j.-in. rings on pistons nearly 13 in. 
diam. No definite evidence of increased cylinder wear is appar- 
ent with narrow rings. 


A. W. Morton.'* Mr. Jackson stated that he would like to 
see narrower rings come into still greater use. There is a limit to 
which we can go in this direction. If the ring is made too narrow, 
it dishes as it is put into the cylinder. Obviously, extremely nar- 
row rings will dish or buckle when compressed and, in the groove, 
contact occurs only at the edges of the rings. If the face of the 
ring is reduced, the wall thickness will also have to be reduced 
somewhat, in order to obtain intimate contact with the land of the 
piston when the ring is compressed and placed in the cylinder. 

With the aid of machine-tool builders, we have been able to 
produce rings with a flatter surface than heretofore, which en- 
ables the ring to lie flat against the land of the piston, when made 
even narrower than formerly. The oil film between the land and 
the ring, however, is thicker than that between the ring and the 
cylinder. Therefore, the insulation value of the oil film is the 
limiting factor which controls the conduction of heat from piston 
land to the ring; the less the insulation, the greater the conduc- 
tivity between the piston and the ring. 

There is one point which has not been mentioned and that is 
cleanliness. When an engine is assembled, the condition of rough- 
ness of the edges of the rings, the cylinders, the pistons, and every 
other metallic part has a bearing upon the initial seating in and 
upon consequent scuffing or wear. Too much care cannot be 
taken in cleaning all parts of an engine assembly. 


E. J. Apporr."® When speaking of unit pressures, one ordi- 
narily thinks of the entire face or land of the ring as the working 
area. On second thought, such obviously is not the case. The 
surface profile shows many fine irregularities, and the peaks carry 
the load. Hence, unit stresses of primary interest are those oc- 
curring at the peaks of the surface serrations. The roughness of 
the surface has a tremendous effect upon these local unit stresses; 
therefore, roughness has an important relation to lubrication, 
Wear, corrosion, and load-carrying capacity. These facts have 
been thoroughly demonstrated in the last few years. 


'* Aluminum Company of America, Cleveland, Ohio. 

‘* American Hammered Piston Ring Division, Koppers Company, 
Baltimore, Md. Mem. A.S.M.E. 

* Physicists Research Company, Ann Arbor, Mich. 
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The widths of the serrations on typical ring and cylinder sur- 
faces are usually a few thousandths of an inch, and their total 
heights usually between 10 and 400 microin (3 to 100 microin 
rms; 1 microin 0.000001 in.). Measurements show that sur- 
prisingly large differences exist in production, and that these 
differences are important. 

Measurements of the actual dimensions of surface profiles show 
that the proportions of the surface are more favorable on smooth 
surfaces than on rougher surfaces. It is popularly conceived that 
smoother surfaces simply have smaller and more closely spaced 
peaks. Measurement shows that the spacing is not much closer 
on smoother surfaces, but the heights are often very much smal- 
ler. This makes the smoother surfaces duller as well as lower, and 
this is a decided advantage from the standpoint of load-carrying 
capacity. 


Until recently, the measurement of surface roughness was 
either impossible, or a slow and costly laboratory job. However, 
the profilometer mentioned by Mr. Lane is a practical shop in- 
strument which allows roughness measurements to be made 
rapidly and accurately on almost any specimen without damage to 
it. It is no longer necessary to guess the relative roughness of two 
or more surfaces. Experience thus far has thrown much light on 
the relation of surface roughness to the factors under discussion. 


P. H. Scuweirzer.'* 
of cleanliness. 


Mr. Morton mentioned the importance 
It is a general procedure when we service engines 
to take a piston out and scrape it, including the lands. There is 
always a film of accumulated carbon. Some experts discourage 
cleaning or scraping the lands, claiming that the carbon forma- 
tion is in consequence of an excess clearance put there by mistake 
or from figuring that operating conditions would be more severe 
than those the engine actually encountered. In the space avail- 
able, hard carbon builds up. Allow it to remain and there is less 
blow-by. It is as if that much more metal were present. 


CLOSURE 


Mr. Miller asked whether or not wear might be reduced by 
using smoother surface finishes? That is not only true, but it is 
also the trend. The author believes the usual present-day prac- 
tice in finishing Diesel-engine cylinders can be improved, particu- 
larly in the larger-bore engines. Unfortunately, due to the fact 
that the cylinder material range is very different, the same finish 
cannot always be obtained. Many do not realize this. Given two 
grades of cast iron, it is almost impossible to put the same finish 
on both of them. 

There is much to be said about smoother finishes from the 
standpoint of distribution of pressure. We know that in the case 
of a threaded finish with a given loading, the unit pressure on the 
edge of the thread or at the tip can be enormous. When the 
thread is worn off, the pressure drops and we come to what is 
called a seat. One feature of such a seat is, of course, that the 
pressure is distributed. If we start with a smoother surface, we 
will immediately start with better load distribution, without the 
areas of high load concentration. 

However, this matter must be approached rather cautiously. 
We know that it is possible to get the finish too smooth. It 
might be desirable to have surfaces smooth from standpoints of 
wear and corrosion but, having once attained such a high finish, 
it might be difficult to control the lubrication. 

There cannot be much doubt that, as we improve the surface 
condition, we automatically improve corrosion resistance. In 
the case of worked material, we find, once it is glazed, that it 
reacts very differently to acid and to corresion. If we could ob- 


16 Professor of Engineering Research, The Pennsylvania State 
College, State College, Pa. Mem. A.S.M.E. 
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tain such a surface originally, it would probably help to resist 
corrosion. 

When we lap in a ring against the cylinder, we automatically 
smooth both surfaces. However, it is important to realize, at the 
same time, that we are changing the direction of the surface 
roughness. When a ring is lapped, the unit pressure is distrib- 
uted, the surfaces are polished, and the directional properties of 
the surface are changed. 

In reply to Mr. Gehres, the values, shown in Table 1, for the 
wear of the engines mentioned, were based on relatively slow- 
speed engines. Also, there is possibly some difference in material 
between the small-bore engines and the large-bore engines. 

Regarding corrosion, Mr. Gehres’ theory was very prevalent 
in England some two or three years ago, but now it is not quite so 
popular as heretofore. Unfortunately, our experience has been 
that the materials which have good corrosion-resisting qualities 
often fail to have good wearing qualities. It is believed that the 
oil film between the rubbing parts is of the boundary type so 
that the wearing qualities of the materials are important. The 
austenitic alloys are reported to have given good success in high- 
speed engines in England. They are quite corrosion-resistant, 
and yet in this country, we cannot seem to get the same results. 

Another point that might be mentioned is that corrosion- 
resistant materials often lack what might be termed emergency- 
run qualities. Cast iron does have that. It incorporates graphite 
which represents roughly 10 per cent by volume, and when the 
dry periods come on, cast iron has enough soapiness or greasy 
quality to carry over the lean period. This feature is quite de- 
sirable. 
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In reply to Professor Vincent’s query concerning the heavier 
rings on pistons of the two-cycle engines in Fig. 16; they are il- 
lustrated for two reasons: One is to show that, as the rings get 
larger, we insert two bands; and second, because in general the 
two-cycle engines do carry somewhat heavier rings to enable 
them to pass over the ports with less danger of port clipping than 
with narrow rings. 

On the matter of heat conductivity, some thought and investi- 
gation might be given to improvement in ring side faces; that is, 
lapping does a great many things which many of us probably did 
not realize it would do. 

In operating a ring with a ground side-face finish, very often 
high and low points of contact develop around the ring face, 
showing that it touched the groove only here and there, as com- 
pared with a lapped face ring, which makes a much more uniform 
contact with the piston groove. ‘This means that heat conduc- 
tivity may be aided through the use of rings which do fit into the 
grooves more closely. Of course, when rings of this type are used 
some consideration must be given to the improvement of the ring 
grooves themselves. 

Another thing that the improved side face offers is a freer 
breathing ring, that is, a ring less prone to sticking, because, with 
greater smoothness of the surface, carbon deposits are not so likely 
to build up. It has been reported that in aircraft engines, a 
decided improvement in oil consumption has been realized mainly 
through the improvement in the ring-side faces. With flatter 
ring surfaces and a better fit, there is an improvement in the 
maintenance of an oil seal between the ring and the piston 
groove, 
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Where Does Interpretation Begin?—Analysis 
of the Oil-Engine Power Cost Report 


By P. H. SCHWEITZER,! 


This paper is an analysis of fuel-oil and lubricating-oil 
economy based on the 1957 A.S.M.E. Oil-Engine Power 
Cost Report. Both analyses are divided into two sections, 
the factual and the interpretative parts. The nature of 
the factual analysis does not permit drawing any conclu- 
sion beyond the one that, in making more judicious use 
of graphical representations, the usefulness of the Cost 
Report can be greatly increased. Conclusions from the in- 
terpretative analysis are as follows: 

1 Engine load has a great effect on both fuel- and 
lubricating-oil economy. 

2 Engine type has a great effect on lubricating-oil 
economy and a small effect on fuel-oil economy. 

3 Year of manufacture has a great effect on both fuel- 
and lubricating-oil economy. 

4 In both cases the improvement is wholly due to ad- 
vance in design and construction. 

5 Engine size has practically no effect on either fuel- or 
lubricating-oil economy. 

6 Engine speed has practically no effect on either fuel- 
or lubricating-oil economy. 

7 Fuel gravity has practically no effect on fuel economy. 

8 Other factors may have some small effect on fuel- and 
lubricating-oil economy but they have not been suffi- 
ciently investigated. 


Oil-Engine Power Cost Reports is a prerequisite. The 

graphs and comments are based on the latest report, cover- 
ing the year 1937. No data given in that report have been 
arbitrarily omitted from the plots or tables, no matter how im- 
probable they may appear to be. 

The Oil-Engine Power Cost Report now enters its tenth year. 
More than ever it is a carefully assembled and competently 
edited report. The comprehensive data included are of great 
value to the cost analyst. At the same time, it must be admitted 
that the average reader will derive but a limited amount of in- 
formation from the 52,000 figures and three charts it contains. 

A most legitimate object of the Power Cost Report is to enable 
& prospective purchaser of a Diesel power plant to estimate his 
probable operating costs. This is admittedly impossible for the 
reader who has but a limited time to study the report. Since at 
least 95 per cent of the readers fall in this category the resultant 
loss is obvious. 

It has been repeatedly discussed how the usefulness of the 
Power Cost Report might be increased. Generally the conclusion 
has been that it is only possible by an interpretation of the 
data, Since, however, no interpretation is completely free from 
bias, the A.S.M.E. Oil-Engine Power Cost Committee does not 
Wish to lend its authority to any interpretation. However, the 


YOR THIS PAPER to be intelligible, familiarity with the 
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committee does not discourage other groups or individuals from 
an interpretation of the “tabulated data if they have the en- 
gineering and statistical background for such a study.” 

Nobody can disagree with this stand, unless to the word 
“interpretation” too broad a meaning is given. In a sense, every 
graphical presentation is an interpretation because, although the 
points shown may be factual, the abscissa is selected at the 
pleasure or judgment of the analyst. The data of the Cost Re- 
port are tabulated in no less than thirty numerical columns. 
Any of these can be plotted against any other. When the analyst 
presents a plot of one quantity against another, as in Fig. 1 of 
the Cost Report, he already uses judgment by assuming that the 
plant-running capacity factor has a bearing on lubricating-oil 
economy. Yet no one considers that as an interpretation in the 
practical sense. A most important question to decide is where 
factual presentation ends and interpretation begins. 

The report states: “Certain of the data are plotted in chart 
form for illustrative purposes, but for that reason only. Such 
median and boundary lines as are shown are included to assist 
the eye in subdividing the plotted data but should not be assumed 
to indicate trends.”” That is a very conservative stand but the 
author believes the users of the Power Cost Report would be the 
gainers if interpretation which must be excluded were less 
broadly defined. 

If listed data are plotted and a trend is apparent, it would 
seem to be entirely reasonable to draw a curve. If the data 
plotted are not listed directly but can be computed without any 
technical or economic assumptions, that is still factual presenta- 
tion, rather than interpretation. If in plotting a chart an assump- 
tion is used or trend curves derived from other charts are 
utilized, but the assumption used or the trend established is obvi- 
ous and not of a controversial nature, then the presentation should 
still be termed factual rather than interpretative. For example, 
most business charts are corrected for seasonal trend. If they 
were not, a wrong impression would be created in comparing 
the textile production in March with that of February. The 
correction factors are empirical. They have been derived from 
plotted data. Yet such a presentation is never understood as an 
individual interpretation of the statistics. Only if controversial 
assumptions are used in charting the data, then interpretation 
really begins. Examples of both types of presentation in refer- 
ence to the Power Cost Report will be given in this paper. The 
work has been limited to fuel-oil and lubricating-oil economy. 
Other cost items should receive similar treatment. 


Factruat ANALYsIS OF LUBRICATING-O1L Economy 


The result of lubricating-oil analysis is shown in Fig. 1. Rated 
kilowatthours (the horsepower rating of the engine X number of 
hours operated X 0.746 X 0.9) per gallon of lubricating oil are 
plotted against year of installation of the engine. The plot 
shows a shotgun pattern but trends become distinct if the chart 
is broken up according to engine types. This is done in Fig. 2. 
The straight lines are median lines showing the trend in lubricat- 
ing-oil economy of new and older engines. 

In Figs. 1 and 2, three factors are recognized, i.e., engine load, 
engine type, and year of manufacture. The index for engine load 
is the running-engine capacity factor which is defined as 
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Engine output in gross kwhr X 100 
kw rating X number of hours operated 


Thus the running-engine capacity factor is the average load 
which the engine carried, while it was in operation, in per cent of 
its rating. 

It is a common observation that the total lubricating-oil con- 
sumption per hour is the same at part load as at full load. Both 
the A.S.M.E. Cost Report and the British Diesel Engine Users 
Association recognize this by listing the lubricating-oil economy 
in terms of rated kilowatthours per gallon rather than actual 
kilowatthours per gallon. The former is the kilowatt rating of 


oo 


Per GALLo 


KW-HRS 


RATED 


Fig. 1 Lusricatinc-O1L Economy or 226 Diese, ENGINES 
an engine generator set multiplied by the number of hours 
operated, or the kilowatthours output had the engine carried 
full load all the time it was running. The assumption which is 
implied by listing rated kilowatthours per gallon of lubricating 
oil is explicitly expressed in Fig. 1 of the Report (see Appendix) 
by the straight lines going through the zero point. 

As to engine type, the Cost Report uses five classifications: 
(1) Four-stroke, air-injection; (2) four-stroke, mechanical-in- 
jection; (3) two-stroke, air-injection; (4) two-stroke, mechanical- 
injection, separate-scavenging; (5) two-stroke, mechanical- 
injection, crankcase-scavenging, which has been followed. In 
Fig. 2 the lubricating-oil performance of the five types of engines 
is separately plotted and medians drawn. By plotting rated 
kilowatthours per gallon, the load factor or running-engine 
capacity factor may be ignored and the abscissa becomes free 
for another relevant factor, e.g., the year of manufacture (or 
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installation). The economy values plotted in this way in Fig. 2 
show an unmistakable trend. With every type of engine, the 
lubricating-oil economy shows improvement in recent years, 
The lines indicate that the improvement is still in progress. 

While the straight-line medians in Figs. 1 and 2 represent thie 
probable lubricating-oil consumption of various-type engines, 
the lubricating-oil figures actually observed deviate considerably 
from the medians. The average deviations have been calculated 
as follows: 


Four-stroke, air-injection, per cent 57 
Two-stroke, air-injection, per cent 40 
Four-stroke, mechanical-injection, per cent 75 
Two-stroke, mechanical-injection, percent 65 
Two-stroke, mechanical-injection, crank- 

case-scavenging, per cent 33 

The most important cause of these great deviations is, no 
doubt, the personal factor which has a eonsiderable effect on 
lubricating-oil economy. 

Figs. 1 and 2 constitute a limit in factual presentation, but even 
so they represent a step ahead from Fig. 1 of the Report 
The differences are as follows: 

1 Engines are plotted rather than power plants. If power 
plants are plotted, a small plant of one engine and a large plant 
with ten engines are both represented by one point, which gives 
undue weight to the engines used in small plants. True, almost 
half of the engines in the Report had to be ignored because no 
separate lubricating-oil figures were given. Even so, the fidelity 
of the plot is improved. 

2 The engines are plotted according to their year of manu- 
facture, which enables the reader more correctly to estimate the 
lubricating-oil performance of a contemplated engine. The 
idea gained from the Report in this respect is misleading. Fron 
the Report, it will be concluded that the probable lubricating: 
oil economy will be 1560 kwhr per gal at 100 per cent load 
According to Fig. 1 of this paper, the probable lubricating 
economy will be 2410 kwbr in case of a newly installed four 
stroke, mechanical-injection engine and with other types more 0 
less, accordingly. 

3 In the Report gross kilowatthours are plotted; in Fig. 
the rated kilowatthours. The two are equivalent if the straigh'- 
line relationship indicated in Fig. 1 of the Report is acceptec 
It is easy to obtain the gross kilowatthours from the rate: 
kilowatthours by multiplying the figure by the load factor o 
running-engine capacity factor. 

4 In Fig. 1 of this paper, instead of a median line for all the 
engines, separate median lines are shown for every engine typ 
Fig. 2 shows the separate plots for each engine type. 


INTERPRETATIVE ANALYSIS OF LUBRICATING-OIL 


The lubricating-oil consumption depends upon many factor 
ie., engine type, size, make, year of manufacture, workmanshi 
speed, load, hours of operation, condition of the engine, kind 
lubricating oil used, its treatment, quality of attendance ao 


latt 
effe 


management, and others. Any prediction based on a limite 
number of factors is liable to differ considerably from the figu™ 
actually observed. But without undesirable complications, om 
a small number of these factors can be considered. An impe’ 
tant factor, namely, the human element, does not lend itself ' 
plotting. Nevertheless, if the prediction is based upon a ‘* 
carefully selected factors, the hitting average can be made mu 
better than it is now. How to find the most pertinent facto™ 


A reasonable guess may be made but, whenever possible, statist? F 


should be used. 
It is a safe guess that the engine uses no oil while it is stand 
still, therefore the lubricating-oil consumption per hour is in 
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pendent of the hours of operation. The evidence also indicates 
that the load has no effect on the lubricating-oil economy if the 
latter is expressed in rated kilowatthours per gallon. The 
engine type and year of installation were found to have a distinct 
effect as shown in Figs. 1 and 2. Now it is in order to investi- 
gate the other factors. 
Effect of Engine Age. Fig. 2 shows the remarkable improvement 
_ in lubricating-oil economy in every type of engine. Taking a 
| li-yr period from 1922 to 1937, the increases are as follows: 


Four-stroke, air-injection... from 1350 to 3050 rated kwhr....125 per cent 
Four-stroke, mechanical-in- 

from 1150 to 2400 rated kwhr 
Two-stroke, air-injection... from 1970 to 2600 rated kwhr 
Two-stroke, mechanical-in- 

jection, separate-scaveng- 

ing ... from 1560 to 1900 rated kwhr. 
Two-stroke, mechanical-in- 

ection, crankcase- 

Seavenging.............. from 750 to 1340 rated kwhr.... 


..108 per cent 
.. 32 per cent 


. 22 per cent 


78 per cent 


This improvement is significant. The question arises: Is 
the improvement due to the better mechanical condition of the 
hew engines or to improvement in design and construction? 
The answer is that better design and construction are almost 


| ‘atirely responsible. M. J. Reed has investigated the lubricating- 


) oil economy of 74 identical engines over a period of 6 years and 


: obtained Fig. 3, which shows an insignificant variation in lubricat- 


 'ng~0il economy as the engine gets older. Of course it must not 
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Fic. 3  LusricaTION PERFORMANCE OF THE SaME 74 DIESEL 


ENGINES IN THE YEARS 1930-1935 (REED) 


be understood that the lubricating-oil economy of an engine once 
installed remains constant. It usually varies in cycles. In the 
second year the lubricating-oil economy is, as a rule, better than 
in the first year because the engine has run in. Then for 4 or 5 
years, the economy slightly deteriorates because of cylinder and 
ring wear. After 5 or 6 years, there is a general overhaul, involving 
replacement of piston rings, and sometimes, liners. After that 
the lubricating-oil economy is about equal to that of the new 
engine and the cycle repeats. Therefore the engine age as such 
can be ignored as a factor in lubricating-oil economy. 

Effect of Engine Size. It is generally believed that large 


engines are more economical on lubricating oil than small en- 
gines. Against this, the Report discloses such glaring cases as 
a 320-hp engine No. 1167/2 with 45,702 rated hp-hr per gal, 
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a 300-hp engine No. 1128/3 with 7219, an 80-hp engine No. 
1273/3 with 7008 rated hp-hr per gal, on one hand, and a 1200- 
hp engine No. 1083 with 1283, a 3750-hp engine No. 43/7 with 
1875 and another 3750-hp engine No. 43/9 with 1900 rated 
hp-hr per gal. Of course some of these may be erroneously re- 
ported and some others overlubricated. 

To obtain information on the effect of engine size, the engines 
of each type have been divided into three groups, 0 to 500-, 
500 to 1000-, and over 1000-hp sizes and the average lubricating- 
oil economy in each group calculated. The result is shown in 
Table 1. 


TABLE 1 EFFECT OF ENGINE SIZE ON LUBRICATING-OIL 
ECONOMY 


Average lubricating-oil economy, 


rated hp-hr per gal———————~. 
Engine type 0-500 500-1000 Over 1000 
4-stroke, air-injection........ 2200 (30) 3027 (30) 4435 (10) 
2-stroke, air-injection........ 0 3489 (5) 3110 (15) 
4-stroke, mechanical-injection 4605 (27) 3830 (19) 3819 (4) 
2-stroke, mechanical-injection 3775 (4) 2971 (15) 4140 (12) 
2-stroke, mechanical-injection, 
crankcase-scavenging...... 1456 (82) (0) (0) 
Note: The number of engines in each group is indicated in parentheses. 


According to this table the lubricating-oil economy of four- 
stroke, air-injection engines improves with size; of two-stroke, 
air-injection and four-stroke, mechanical-injection engines de- 
creases with size; and with two-stroke, mechanical-injection 
engines the trend is uncertain. These results, of course, should 
not be taken at their face value. First, because the number of 
engines on which the statistics are based is too small. Second, 
because certain factors, which also exert an influence on the 
lubricating-oil economy, have been ignored. For example, in 
the case of four-stroke, air-injection engines, the small engines 
are much older than the large ones. The average year of installa- 
tion is 1918.3 for the 0 to 500-hp group, 1926.5 for the 500 to 
1000-hp group, and 1929.7 for the horsepower group above 1000. 
This in itself explains sufficiently the 100 per cent increase be- 
tween the smallest and largest engines without the engine size 
having any effect. With the other types, the trend is the other 
way or uncertain. The conclusion is that engine size has no 
pronounced effect on lubricating-oil economy. 

The same conclusion has been reached from a graphical 
analysis. For each type, the rated horsepower-hours per gallon 
of lubricating oil, corrected for obsolescence, were plotted against 
the horsepower rating of the engine. No positive trend could be 
discerned. The respective graphs have not been reproduced for 
this paper. The result of the analysis is that engine size can be 
ignored when predicting lubricating-oil economy. 

This does not conform with the general opinion that large 
engines are more economical in lubricating oil. The probable 
explanation for such a belief is that, if no differentiation is made 
between engine types, the large engines really show a superior 
economy. The reason is that crankcase compression engines, 
which are the poorest in lubricating-oil economy are built only 
in small sizes, while air-injection engines, which are best on 
lubricating oil, are built only in large sizes. This is the basis 
for the idea that large engines have better fuel economy. How- 
ever, if the types are separated, it will be observed that it is the 
type and not the size which influences the economy. 

Effect of Engine Speed. All of the engines listed in the Report 
are stationary engines connected to electric generators. Eighty- 
five per cent of them have a rated speed between 200 and 300 
rpm. Only forty engines, listed with lubricating-oil figures, have 
lower than 200 rpm and twenty-five higher than 300 rpm. These 
figures are too scant to form the basis of a statistical analysis. 
Such individual cases, as No. 1220/3, a 27-hp, 1000-rpm engine 
giving 2922 rated hp-hr per gal of lubricating oil, lead to the be- 
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lief that there is no correlation between engine speed and 
lubricating-oil economy in the field of generator-connected 
stationary engines. 

Effect of Other Factors. The treatment of lubricating oil in 
the plant, such as settling, filtering, centrifuging, and chemical 
treatment, undoubtedly affects the lubricating-oil consumption. 
However, with a minor exception (3.86 per cent), all plants use 
some kind of purification (272 out of 441 centrifuge), and the 
difference in lubricating-oil consumption with various treatments 
is not pronounced. 

The quality of the lubricating oil must also have some ef- 
fect on the consumption but there is no ready way to measure 
lubricating-oil quality. The same thing is true to a greater de- 
gree of the quality of attendance and management. These are 
the factors which cause the wide spread in the plotted data. 


PROBABLE LUBRICATING-OIL EcoNoMY OF NEWLY PurRCHASED 
ENGINES 


Fig. 4 sums up the results of the analysis of the lubricating-oil 
data in a simple, useful manner. It gives the probable lubricat- 
ing-oil economy of newly purchased Diesel engines of various 
types. The figure is derived from Fig. 1 by taking the 1937 
figures for 100 per cent engine-running capacity factor and con- 
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Fic. 4 ProspasLte Lusricatinc-O1L Economy or NEWLY 
PuRcHASED D1gesEL ENGINES 


Fig. 4 shows probable consumption figures, it has been shown that 
considerable deviations from the listed values are possible 
Consequently, in using Fig. 4 for predicting the lubricating-ol 
economy of a newly purchased engine, it should be realized that 
the probable deviation from the given values is about 50 per 
cent and the possible deviation more. This degree of uncertainty 
detracts from the value of the results. Nevertheless, it would be 
a mistake to consider the lubricating-oil statistics valueless, be 
cause without them knowledge of the matter is much less. 


Factuau ANALYsIs OF Economy 


The result of fuel-oil analysis is shown in Fig. 5. The cor 
rected kilowatthours are plotted against years of installation 0 
the engine. In Fig. 6 the engine types are shown separately 
The lines shown are ironed-out median lines and indicate th 
probable fuel consumption of engines. 

Three factors have again been recognized, (1) engine load, 
(2) engine type, (3) year of manufacture. 

Engine load is known to have an effect on fuel economy. !t® 
unilluminating to compare the fuel economy of an engine runnité 
at half load with one running at full load. Fair comparison ¢3 
be made either by separating the engines according to runniii 
capacity factor as was done in Fig. 3 of the Cost Report (s 
Appendix) or by correcting for running capacity factor (load) * 
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was done in Figs. 5 and 6. The latter course was chosen in order 
to permit the recognition of another relevant factor, the year of 
manufacture, in the chart. 

Correction can be made for the load if, instead of plotting 
the actual kilowatthours produced by 1 gal of fuel, the kilowatt- 
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hours are plotted that 1 gal would have produced if the engine 
had been running full load all the time. For such conversion, 
an empirical curve is required which shows how the fuel con- 
sumption in the average Diesel engine changes with the load. 
The typical curve the author has used is shown in Fig. 7. 

There may be some inclination to accept the median line of the 
fuel-economy chart, Fig. 2 of the Cost Report, as a typical 
economy curve. This would be incorrect for the following reason: 
Older engines are more frequently operated at a low running 
capacity factor and modern engines at a high running capacity 
factor. Consequently, the fuel economy for points at the left 
end of the curve is low not only because of the low load but be- 
cause of greater obsolescence. If correction is made for obsoles- 
cence, a curve is obtained, Fig. 8, which is almost the same as 
Fig. 7. 

Figs. 5 and 6 were so constructed that the actual fuel economy 
of each point was multiplied by a fraction, the numerator of 
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Engine type (1) (2) 

Four-stroke, air-injection................. 54 743.1 
Two-stroke, air-injection.................. 23 1440.4 
Four-stroke, mechanical-injection.......... 42 547.1 
Two-stroke, mechanical-injection.......... 41 1135.0 
Two-stroke, crankcase-scavenging........ 68 228.4 
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Fig. 8 Furst Economy or Four-STrRoKE, MECHANICAL-INJECTION 
DigsEL ENGINES (CORRECTED FOR OBSOLESCENCE) 


which is 1 and the denominator the height of, the typical curve, 
Fig. 7, at the corresponding running-engine capacity factor.’ 
Giving consideration to the engine type, they permit a fair 
estimation of the fuel economy of an engine. The actually ob- 
served fuel economies listed differ from the curves by an average 
of 7 per cent, the actual deviations being as follows: 


Four-stroke, air-injection, per cent......... 6.82 
Two-stroke, air-injection, per cent......... 4.84 
Four-stroke, mechanical-injection, per cent. 7.76 
Two-stroke, mechanical-injection, per cent. 7.64 
Two-stroke, mechanical-injection, crank- 
case-scavenging, per cent............... 14.1 


The curves drawn represent the probable fuel economies. The 
spread between the probable curve and the individual points is 
relatively small. 


INTERPRETATIVE ANALYSIS OF FUEL-OIL Economy 


The factors which might possibly influence fuel economy are: 


1 Load conditions 9 Condition of moving parts 
2 Inlet air pressure (alti- 10 Fuel gravity 

tude) and temperature 11 Heat content 
3 Engine type 12 Viscosity 
4 Size (rating) 13 Cetane number 
5 Make and model 14 Quality of attendance 
6 Year of manufacture 15 Instruments used (pyrome- 
7 Age of engine ter, smoke meter, flow- 
8 Workmanship meter, etc.) 


It is a problem to determine which of these numerous factors 
are the most pertinent. 

The importance of the load conditions is generally recognized 
by relating the fuel economy to the running-engine capacity 
factor as in Fig. 3 of the Cost Report. Figs. 5 and 6 have been 


2 Five out of fifty-one separately scavenged two-stroke engines had 
independently driven blowers. The power required to drive these 
blowers was estimated as 10 per cent of the output and deducted 
from it in plotting fuel economy 
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TABLE 2. EFFECT OF ENGINE SIZE ON FUEL ECONOMY 


Average hp -———- Average hp———~ ——Ratio— 

Large Small Above Below Above-below 

engines engines median median Large-smal) 

(3) (4) (5) (6) (7) 

1055.9 430.3 774.3 701.0 0.074 
1957 .2 940.9 1633.3 1372.3 0.257 
821.1 273.1 608.4 478.9 0.235 
1607 .2 675.1 1412.8 843.2 0.612 
298 8 158.8 229.2 227.2 .014 
Average 0.238 


corrected for running-engine capacity factor by means of a 
typical curve, Fig. 7. 

The effect of inlet air pressure (altitude) and temperature ov 
fuel economy is probably small in so far as stationary engines are 
concerned. The item was not suitable for statistical investigation, 

The effect of engine type has been investigated and the result 
shows that it is not very pronounced. According to Fig. 5, of 
the recently manufactured engines the four-stroke-cycle mechani- 
cal-injection engines have the best and the two-stroke-cycle, air- 
injection engines the poorest fuel economy but the total difference 
is less than 7 per cent. Of the earlier manufactured engines the 
two-stroke-cycle, crankcase-scavenged engines showed an ap- 
preciably poorer fuel economy but they have improved consider. 
ably in later years. 

Effect of Engine Size. Whether the engine size has any ap- 
preciable influence upon the fuel economy can best be decided on 
a statistical basis. In Fig. 6 the fuel economies of various types 
of engines are plotted and median lines drawn. About one hal! 
of the engines are above and one half below the median lines 
If the average horsepower of the better than median engines and 
the average horsepower of the poorer than median engines are 
calculated and they do not differ greatly, then it is justifiable t 
conclude that the effect of engine size is unimportant. However 
if there is a great difference between the two averages, then the 
engine size probably has a considerable effect on the fuel economy 
The result of the calculation is shown in Table 2. 

In Table 2, columns (1) and (2) show the number of engine 
of the particular type listed in the Cost Report and their averag: 
ratings. Column (3) shows the average horsepower of the larger 
half of all engines of the type and column (4) that of the smalle: 
half, assuming that the engines were divided in two parts strictl) 
according to size. Columns (5) and (6) show the average horse 
power of the engines above and below the median lines, Fig. } 
Column (7) is the ratio of columns (5-6) /(3-4). 

It is clear that, if fuel economy would consistently increas 
with engine size, all large engines would be above the media! 
and all small engines would be below it. Then the figure 
column (7) would always be 1. On the other hand, if engine size 
were to have no effect whatever upon fuel economy, large ani 
small engines would group about equally on both sides of the 
economy medians and the figure in the last column would ap 
proach 0. The average,ratio is 0.238 which shows that the engin 
size has only a small influence on fuel economy. With twe 
stroke, mechanical-injection, separate-scavenging engines it § 
the greatest, probably because the design of this type of engine i! 
small sizes has not yet been mastered. The effect of size on the 
economy of four-stroke, air-injection engines and two-stroke 
crankcase-scavenged, mechanical-injection engines is practical} 
negligible. 

The make and model of the engines probably have some effet 
on the fuel economy but it was not investigated. 

Effect of Engine Age. It was noted from Fig. 5 that the ye 
of installation has a marked effect on fuel economy. Taking! 
15-yr period from 1922 to 1937 the increases of the medians we™ 
as follows: 
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Four-stroke, mechanical- 


from 10.4 to 13.8 kwhr 32.6 per cent 
Two-stroke, —_air-injec- 

from 11.2 to 12.3 kwhr--10.0 per cent 
Two-stroke, mechanical- 

injection, separate- 

scavenging .......... from 10.7 to 13.4 kwhr 25.2 per cent 
Two-stroke, mechanical- 

injection, crankcase- 


scavenging .... from 9.1 to 12.4 kwhr—36.2 per cent 


The mechanical-injection engines demonstrated a phenomenal 
improvement in their fuel economy and took the leadership from 
the air-injection engines, although the latter recorded some im- 
provement also, It is obvious that estimating the probable 
fuel economy of a modern engine from statistical figures which 
included engines of various ages would be very misleading. 
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| The question arises, is the improvement due to the better 


' mechanical condition of the new engines or to improvement in 
design and construction? The answer is that the improvement is 
almost entirely due to better design and construction. M. J. 
| Reed has investigated the history of the twenty-eight engines 
‘ which have reported fuel economies successively for 5 years or 
more. Of these, three operated for less than 10,000 hr total in the 
longest continuous period and were therefore eliminated. The 


| TABLE 3 
i No. of Average 
j engines gravity 
Z Engine type (1) (2) 
Wo-stroke, air-injection....... 12 26.0 
Our-stroke, mechanical-injection. . 31 31.4 
pvo-stroke, mechanical-injection. . . 38 31.2 
| *Wo-stroke, crankcase-scavenging. . 3 54 31.3 
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data for the remaining twenty-five units are shown diagram- 
matically in Fig. 9. 

Examination of Fig. 9 does not indicate that fuel economy 
deteriorates progressively. Eighteen out of the twenty-five units 
show better economy in the last year than the average reported. 
This should prove that the engine age as such has no pronounced 
effect on the fuel economy. 

No data are available on the workmanship and the condition 
of the moving parts of the engines listed in the Cost Report. 

Of the fuel properties probably several have an influence on 
fuel economy but the evidence is inconclusive. 

Uffect of Fuel Gravity. If the heat content of 1 Ib of fuel is 
considered constant, which is approximately correct, the heat 
content of 1 gal of fuel increases with an increase in its specific 
gravity. An empirical formula expresses the relation of heat 
content to A.P.I. gravity. Higher heat content Btu per gallon = 


1180[49(deg A.P.I. —- 10) + 18650] 
deg A.P.I. + 131.5 


According to this formula the heat content of various gravity 
fuels is as follows: 


Gravity, deg A.P.I... 


20 24 28 32 36 
Heat content, Btu per gal. . 148400 145800 143200 140900 138700 


Theoretically, therefore, the 20-deg A.P.I. fuel should give 7 
per cent better fuel economy than 36-deg A.P.I. fuel. Since 
heavy fuel does not cost more than light fuel (if anything it is 
cheaper), it appears that there would be an incentive for using 
heavy fuels. 

Of the 441 engines listed, fuel gravity was reported for 177. 
The gravities reported vary from 19 to 40 deg A.P.I. The aver- 
age gravity of the fuels used in air-injection engines was 26.2 
deg A.P.I., while that in mechanical-injection engines was 31.3 
deg A.P.I. Otherwise, the type had practically no effect on the 
fuel used, the averages being 31.4, 31.2, and 31.3 for four-stroke, 
two-stroke, separate-scavenging and two-stroke, crankcase- 
scavenging engines, respectively, among the mechanical-injec- 
tion engines. 

Separating the engines according to their fuel economy, with 
the exception of the four-stroke, mechanical-injection engines, 
no appreciable difference is noted in fuel gravity, shown by Table 
3. 

With the four-stroke, mechanical-injection engines, the heavier 
fuels show better than average economy but the differences in 
gravity are moderate. In other types there is no appreciable 
correlation between gravity and fuel economy. As a whole, the 
data failed to substantiate the theory that heavy fuels have a 
better fuel economy. The probable reason is that, while the heat 
content of the heavy fuels is naturally greater, they burn less 
completely, which neutralizes the gain in heat content. 


Errect oF Viscosity 


Out of 441 engines listed only 125 reported fuel-oil viscosity. 
The viscosities reported vary from 33 to 112 see Saybolt Uni- 
versal at 100 F, except two engines with 1600 sec Saybolt 
Universal. The average viscosity used is 79.1 sec Saybolt Uni- 
versal. Separating according to type of engines, the effect of 
viscosity on fuel economy is indicated in Table 4. 


EFFECT OF FUEL GRAVITY (A.P.1.) ON FUEL ECONOMY 


Average gravity—~ —~-Ratio— 


Average Gravity Above Below Above-below 

heavy light median median Heavy-light 
(3) (4) (5) (6) (7) 
23.0 29.7 26.5 26.1 —0.06 
19.7 2.4 26.9 25.5 0.11 
29.1 33.9 29.5 35.3 0.82 
28.1 34.3 30.3 32.1 0.29 
28.1 34.4 30 9 31.8 0.143 
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TABLE 4 EFFECT OF VISCOSITY ON FUEL ECONOMY 


Average Average viscosity 
No. of visseeSU Above’ Below 

Engine type engines at 100 F median median 
Four-stroke, air-injection......... 32 132.2 85.3 200.7 
Two-stroke, air-injection.......... 11 61.7 73.3 44.4 

Four-stroke, mechanical-injection.. 26 66 67 65 

Two-stroke, mechanical-injection.. 22 56.1 68.3 41.1 
Two-stroke, crankcase-scavenging. 34 59.7 62.8 53.2 


There is not much that can be learned from Table 4. Vis- 
cosity apparently has no deciding effect on fuel economy so long 
as it is not too high. In some four-stroke, air-injection engines 
(like No. 212/1 and No. 212/2) viscosity apparently was too 
high. The small number of viscosity data do not permit seri- 
ous analysis. 


Errect oF IGNITION QUALITY ON FuEL Economy 


The number of stations reporting fuel-ignition quality is still 
smaller, including only 42 engines, 23 of which reported cetane 
numbers, and 25 Diesel index numbers and 6 both. Changing 
Diesel index numbers to cetane numbers, the average ignition 
quality reported is 46 cetane numbers. Separately, according 
to engine types Table 5 gives the information. 

TABLE 5 EFFECT OF IGNITION QUALITY (CETANE NUMBER) 
ON FUEL ECONOMY 
No. of engines 


reporting 
Better Poorer 
than than 
average average Cetane 
fuel fuel Cetane Cetane no. 
Engine type economy economy (max) (min) (average) 
4-stroke, air-injection..... 11 2 55 30.4 43.4 
4-stroke, mechanical-injec- 
EE ae 7 1 45 30 36.75 
2-stroke, mechanical-injec- 
1 5 65 36 49.9 
2-stroke, crankcase- 
12 3 61.5 40 51.62 


The extremes reported are 30 and 65 cetane numbers. It is 
significant that out of the forty-two engines that reported fuel- 
ignition quality, thirty one were better than average and only 
eleven poorer than average in fuel economy. But this only 
proves that fuel economy is better with a wide-awake manage- 
ment. No significant differences appear between various engine 
types in Table 5. 

Obviously, quality of attendance and management and the 
intelligent use of instruments, such as pyrometer, smoke meter, 
flowmeter, water thermometers, etc., for setting and correcting 
engine adjustments and ordering repairs have a considerable ef- 
fect on the yearly fuel economy. It is unfortunate that the data 
available did not permit such a study. 


TRANSACTIONS OF THE A.S.M.E. 


PROBABLE FuEL Economy oF NEWLY PURCHASED ENGINES 


Ignoring the factors, the effect of which are unknown or 
negligible, Fig. 10 shows the most probable fuel consumptions 
of newly purchased Diesel engines separated according:to type 


and plotted against running-engine capacity factor. The fuel 
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economy actually obtained may differ from these values a cer- 
tain amount. The variations will probably be less than 7 per 
cent one way or the other. 

Although they mean little to the engine user or prospective 
purchaser, a tabulation of the average fuel-oil and lubricating. 
oil consumptions of the plants included in the A.S.M.E. Report 


follows: 


Total number of plants reporting fuel-oil con- 


Their total fuel consumption, gal........... 31,223,511 
Their total gross output, kwhr............. 394,794 626 
Average fuel economy, kwhr per gal... . 12.6 


Total number of plants reporting lubricating- 


Their total lubricating-oil consumption, gal. . 252,139 
Their total gross output, kwhr............. 352,073,079 
Average lubricating oil, kwhr per gal... . 1390 


In view of the foregoing, these figures cannot serve as guides t 
engine users or prospective purchasers, but they may be of som 
interest to the oil vendors. 

Acknowledgment is made to L. A. Ward and Hans Stern wh 
assisted the author in carrying through the calculations in this 


paper. 
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Discussion 


L. H. Morrison.* The author points out that the engine built 
today has a better lubricating-oil consumption than older engines. 
Likewise, he makes a declaration that the modern engine has a 
better fuel consumption than an engine built 10 years ago. How- 
ever, the writer believes he has fallen into error in not considering 
that the engines built 10 years ago have been running 10 years. 

If he wished to plot these factors indicatively, he should have 
taken the lubricating-oil consumption this year of an engine that 
was placed in service last year, and then the lubricating-oil con- 
sumption of 9 years ago of an engine that was installed 10 years 
ago. This would constitute the lubricating-oil record for an en- 
gine 1 year after it was installed. If that were done, he would 
find that many of the discrepancies would disappear. Plotting 
on such a basis will show that the lubricating-oil consumption 
of a particular engine will gradually increase and then, due to 
a major overhaul, there is a short improvement in lubricating- 
oil consumption at the end of some definite period. 

We find lubricating-oil consumption and fuel-oil consumption 
plotted by plants. The writer does not believe that to be indica- 
tive. Such plots should be made by engines because, in plotting 
by plants, a record of operation is shown but not a record of the 
engines. 

It is the writer’s belief that the report of the Diesel Users’ 
Association of England is of great value because it contains state- 
ments of the operators and managers of plants on why certain 
figures appear in the cost report. It is highly illuminating to 
know that, in a certain plant this year, one of the engines had a 
major overhaul, another experienced piston trouble or what not. 
It would be illuminating to users if the A.S.M.E. Oil-Engine 
Power Cost Report contained similar information. 


Epear J. Kates.‘ The nature of the discussion that has al- 
ready arisen in connection with this paper justifies the practice 
of the Oil Engine Power Cost Committee in not itself interpreting 
the data which it collects and publishes. Probably everyone 
agrees that the data may be made more helpful to the general 
user if served in predigested form. However, most analyses and 
interpretations require the application of opinion or judgment 
and, since there are so many different ways in which the same 
data may be interpreted, it would seem better that the work of 
the Cost Committee itself be confined to gathering, tabulating, 
and publishing the data in purely statistical form (including 
simple graphs), and that the interpretations be left for individuals 
to do in the way Professor Schweitzer has done in the paper 
under discussion. 

The author has made a fine effort to interpret fuel- and lubri- 
cating-oil efficiencies, and the suggestion is made that he or 
someone else should endeavor to apply the same interpretative 
methods to maintenance and attendance costs. 

There are several minor points in connection with Professor 
Schweitzer’s analysis that seem worthy of mention. 

In order to show the effects of improvements in design and 
construction upon the lubricating-oil consumption, the author 
has assumed that the lubricating-oil economy of any one engine, 
as expressed by rated horsepower-hours per gallon, does not vary 
with the load of the engine. In other words, he has referred all 
of his data to a basis of 100 per cent load, and has assumed, in 
so doing, that the rated horsepower-hours per gallon at any load 
is a constant. The writer does not believe that to be a fact. At 
least, many records have been studied which show that lubricat- 
ing-oil efficiency is poorer at heavy loads than it is at light loads; 
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consequently, conclusions based on this assumption may be in 
error. 

A similar question arises with respect to the fuel-oil economy. 
Again the author, endeavoring to correlate fuel economy with the 
period of design of the engine, eliminates the factor of load by the 
use of a curve to show the relative fuel economy of the ‘‘typical”’ 
modern Diesel engine. That curve is subject to wide variations 
for different engines. It will vary with the type of combustion 
system used in the engine, and by that is meant the entire shape 
of the curve will vary, not merely that the whole curve will be 
proportionately higher or lower. Further, the shape of the curve 
will vary with the engine manufacturer’s rating policy. One 
manufacturer, who rates his engine conservatively, will get the 
best economy at full load, as is indicated by the curve in the 
paper. Another manufacturer, who rates less conservatively, 
will have his full-load point beyond the 100 per cent point in 
Fig. 7, and the fuel economy of his engines will be slightly worse 
at full load than around three-quarter load. Now obviously, 
if the shape of a curve varies for the different engines reported 
on, the proportioning which the author does to find the fuel 
economy at full load so that he may make comparison of the 
fuel economies at full load of engines built in different years will 
not be valid. It seems to the writer that the problem has been 
somewhat oversimplified by using such a curve. 


T. M. Rosie.’ Referring to Figs. 2 and 6, the writer would 
like to call attention to the median lines for the crankcase- 
scavenging engines in respect to the number of plants involved for 
the later years. The author states that, while the straight-line 
medians, Figs. 1 and 2, represent the probable lubricating- 
oil consumption of various type engines, the lubricating-oil data 
actually observed deviate considerably from the medians. 

Now, in constructing any median lines, the individual writer 
of the paper has to assume certain factors. You will note in 
the upper right-hand corner of Fig. 2, there are 4 engines below 
the median line and 12 above it. The engines that are above it 
are quite far above, so that the median line for the two years at 
the right is certainly very much too low and does not show a true 
picture of the present development of two-cycle crankcase- 
scavenging engines, as regards lubricating-oil consumption. 

Similarly, for the fuel consumption of the two-stroke mechani- 
cal-injection crankcase-scavenging engine, there is only one engine 
below the median line in Fig. 6 for the last three years and about 
12 above it. 

The writer’s company is probably the largest contributor to 
the engine installations on that curve, and we feel that our fuel 
consumptions are second to none in our present-day crankcase- 
scavenging engines, so it is felt that the median lines as drawn 
do not present a true picture. 

That brings up another point in connection with a study of 
these reports or their intérpretation. While it is true that they 
are important, still the manufacturer’s guarantees of the engines 
which he is proposing for sale are also important and should be 
considered. There is the possibility that a more or less careless 
salesman may show some of these median lines to an unsuspect- 
ing purchaser and, without going into a detailed explanation, 
lead the purchaser to believe that for a given type he can expect 
results in accordance with the median lines, whereas reputable 
manufacturers are willing to demonstrate with tests the actual 
performance of the engines which they are proposing. 


R. D. Campsewu.® The writer wishes to ask if the author ob- 
tained all the data which were used in this analysis directly from 
the Oil-Engine Power Report? My thought is that if all of this 
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information were available in the reports, then anyone can plot 
any curve in which he is interested. 

It is conceivable that an engine designer would be interested 
in types of combustion chambers. Once having identified the 
engine, he can proceed to plot the economy against either the type 
of combustion chamber, the piston speed, or any other variable 
he may see fit to select. It can also be conceived that a man in 
Mr. Kates’s position as a consultant would be interested in know- 
ing whether it is a stand-by plant or in irrigation service or a 
municipal power plant, and so he would study the different load 
curves against a different type of engine; in other words, the 
service of the engine against its type or any other factor, because 
from his standpoint he wants the over-all economies, whereas the 
engine designer may be interested in only the technical side of it. 

So it seems to the writer that the Committee has chosen a 
rather wise course in incorporating a wealth of information in 
the report and drawing as few conclusions as possible. A very 
voluminous report might be made if the Committee wished to plot 
all the curves and draw all the conclusions in which any one of 
us might be interested. 


Lee Scuneitrer.’ The author has given an excellent analysis 
and interpretation of certain conditions revealed by fuel and 
lubricating data in the Oil-Engine Power Cost Report. It is felt, 
however, that the author has missed the real purpose of data 
presented in reports during the last 9 years. As the writer sees it, 
the author devotes all of his paper to proving that engines built 
in 1937 are more economical in use of fuel and lubricating oil than 
engines built several years earlier. While the author’s analyses 
are most interesting, the purpose of presenting oil-engine cost 
data by years for a large number of plants is far different from 
what the author indicates. 

In the third paragraph of the paper he states: ‘‘A most legiti- 
mate object of the Power Cost Report is to enable a prospective 
purchaser of a Diesel plant to estimate his probable operating 
costs.” The writer agrees that this is the real purpose of the 
report and that data on plants listed in the report over a long 
term of years can be used as a guide to forecast operating costs 
of a given plant over a reasonable period, perhaps for the eco- 
nomic life of the plant. 

In referring to Fig. 7, the writer is sure that the author has com- 
mitted a serious error in selecting a fuel-consumption curve for 
“the average Diesel engine.’’ There is no standard curve that 
will suit all engine types. The shape and characteristics of such 
a curve will vary with engine make, speed, design, and type. 

The author’s conclusions are presented in two curves, Figs. 4 
and 10, showing, respectively, probable lubricating-oil and fuel- 
oil economies for new engines. It is felt that a prospective pur- 
chaser of an engine would much prefer to obtain these data in 
the form of guarantees as customarily offered by all engine manu- 
facturers. A series of calculated curves, as presented by the 
author, would not be as reliable as data obtained from manu- 
facturers on specific engine types. 

In presenting Fig. 10, it is suggested that the author specify 
heating value of fuel, if output in kilowatthours per gallon is to 
mean anything. Also, is the output in kilowatthours gross or 
net? 

On the subject of lubricating-oil consumption, we must agree 
that there has been much improvement. Consumption has been 
reduced in the last 6 or 8 years. Betterments are due to a number 


| Offactors already mentioned in the paper. Operators are able to 


obtain better lubricants; in addition, the oils last longer, being 
of higher grade. Purification systems have been improved and 


4 engine designs have been modified to overcome some of the old 


3 . Betterment Engineer, Ebasco Services, Inc., New York, 


-Y. Mem, A.S.M.E. 


problems of lubrication. Consequently, it is felt that the Oil- 
Engine Power Cost Committee can take cognizance of the fact 
that the records show some improvement in consumption of 
lubricating oil. 

The author states that he found no difference in the economy 
of lubricating oil on large and small engines. The statement is 
made that size is not important, but type is. It seems to me that 
engine size is somewhat interrelated with type so that it is almost 
impossible to discriminate between them. Other factors must 
be considered when analyzing figures on lubricating-oil consump- 
tion and, in the case of the very small engine, speed is an im- 
portant factor. In fact, an average of data presented by the 
author in Table 1 shows that engines under 500 hp gave about 
3000 rated hp-hr per gal while those over 1000 hp in size produced 
almost 4000 rated hp-hr per gal. This would indicate that larger 
engines are more economical in lubricating-oil consumption. 


V. L. Maueev.* The writer does not quite agree with the 
author that he is doing an interpretation. He simply does a 
breakdown analysis of figures. In respect to Diesel engines, the 
most important subdivision is one that Professor Schweitzer 
pointed out, that is, dividing by the type of engines: Mechanical- 
injection two-stroke cycle, air-injection four-stroke cycle, crank- 
case-scavenging, and separate-pump scavenging. With these 
subdivisions, we get groups which can be compared rather than 
interpreted, simplified, or used for a different purpose. 

Someone raised the question: ‘‘How valuable is a median if 
it is only within a plus or minus 50 per cent?” It may not be as 
valuable as we would like to have it. Unfortunately we have 
cases when this wide deviation is unavoidable. For example, at 
one time, we had two identical 6-cylinder 300-hp marine engines 
in operation, which were differing by 30 per cent in their lubricat- 
ing-oil consumption. At first we were puzzled as to the explana- 
tion. Then we happened to notice that one was an installation 
on a fishing boat; the second was in a yacht and was equipped 
with counterweights. The yacht engine had to operate as 
smoothly as possible and, although it did not need counter- 
weights, it operated more smoothly with them. The installation 
of counterweights increased the oil consumption by 30 per cent. 

Also, as far as lubricating-oil consumption is concerned, there 
is a very great influence from the human element. In another 
plant, the writer installed 2000-hp gas-engine-driven compressors, 
using ten 200-hp engines. The installation was made with newly 
designed engines which had been developed and tested very 
thoroughly in the factory. We had given a guarantee for lubri- 
cating-oil consumption, and instructions on how to run the 
engines. A few months after the engines were installed, we had a 
complaint that the lubricating-oil consumption was almost twice 
as much as that guaranteed. These engines were furnished with 
equipment for regulating the number of drops of lubricant to 
each feed line. Our instructions stated that for some points of 
lubrication, there should be 2 drops, in some 3, and in some 5 drops 
might be permitted. But the operator believed in safety, so he 
gave it all the oil he could, and not an outlet was feeding less 
than 15 drops, some up to 25 drops per min. When this condi- 
tion was adjusted, the lubrication was all right. 

We do not have control over what engine operators are doing. 
Quite often they will do very foolish things. 

The writer is in agreement with one of the discussers that, 
probably, the curve representing lubricating-oil consumption, 
Fig. 2, of the crankcase-scavenging engines may be a little less 
favorable than it should be. In trying to sketch it according to 
his ideas, the writer finds that the left-hand end should be 
slightly dropped and the right-hand end raised. Instead of being 
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about 15 deg from the horizontal, probably it would be about 
30 deg; it would not change materially. The relative position 
would be the same. 

In this connection it is suggested, in order to avoid arguments 
as to how such a curve should be drawn, to use the method of 
least squares, determining the probable errors of observation. If 
one takes a curve which should represent a median the best way, 
it should be checked by taking the vertical distances of all points, 
squaring them, and then adding the sums of those which are above 
and below. If the sum of the squares of distances above is equal 
to the sum of the squares below, there is no human element in 
the curve. If one draws such a line and finds, for instance, the 
sum of the squares of distances above not equal to that below, one 
can readily adjust it by checking and get a curve to which no- 
body can object. 


AUTHOR’s CLOSURE 


There is really only one challenge in Mr. Morrison’s remarks; 
he suspects that it may be the engine’s age and not its obsolescence 
which made the difference between the showing of the more recent 
engines and the older engines, and he suggests that should be 
taken into consideration. | 

Fortunately, this has been done. The answer is contained in 
Figs. 3 and 9 of the paper. These are the result of an investigation 
by Mr. Reed who determined how much of the improvement is 
due to better design and how much is due to a younger, more 
vigorous age; the result is rather conclusive. 

In Fig. 3, the lubricating-oil performance of the same 74 Diesel 
engines has been compared by Mr. Reed in the years from 1930 
to 1935. This demonstrates that engines get better with age 
instead of getting worse. 

The same thing is true with fuel-oil economy. The age itself 
does not seem to make the engine bad, as shown by Fig. 9. It 
must be realized that every engine is overhauled at periodic 
intervals, every 5 or 6 years. Rings are replaced and frequently 
liners are either replaced or rebored; the engine is then again as 
good asnew. As a matter of fact, the engines, in both lubricat- 
ing-oil and fuel-oil economy, improve a little in the first year, 
then they get worse in the second, third, and fourth years, until 
they have a major overhaul; then the cycle repeats. It is im- 
provement in design, no doubt, which makes recent engines better 
than older ones. 

The author is in agreement with Mr. Kates regarding the lubri- 
cating-oil economy varying with the load, if the assumption that 
the rated kilowatthours per gallon of lubricating oil is practically 
independent from the load is incorrect. The explanation is that 
the author simply followed the Power Cost Committee, which 
has followed the British Diesel Engine Users’ Association in this 
assumption. That association always lists the rated kilowatt- 
hours, and if not 100 per cent correct, at least it is approximately 
so. It is doubtful if any better assumption can be suggested. 

The same thing holds true for the fuel consumption shown in 
Fig. 7. It should be realized that variations in the actual con- 
sumption per horsepower-hour do not affect the results, provided 
the per cent variations for various loads are the same. Here again 
the typical curve, which was felt to be necessary, checked so well 
with other authoritative sources that there was no hesitation in 
using it. The errors committed by the use of a single typical 
curve are probably negligible. 

The attitude can be taken that a simplification by which the 
economy of various engines at various loads may be brought to a 
common denominator is neither permitted nor justified. That is 
a perfectly justifiable attitude but the opposite attitude may also 
be assumed that simplification is necessary in order to dispel the 
ignorance of those who know nothing about economy figures on 
Diesel installations. If we are to have simplifications, then the 
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author would ask Mr. Kates, or others, what else can be proposed 
to take the place of the typical curve which has been used? 

Mr. Robie complains about what he considers is an unfair 
presentation of the crankcase-stavenging engine in recent years, 
He did not object to the drawing of the lines in the period, say, 
before 1934 or 1935, but he thinks that the crankcase-scavenging 
engines have been making better showings than indicated on the 
curves in 1936 and 1937. Not only Mr. Robie but others will have 
objections regarding certain medians that have been shown. 

The crankcase-scavenging engine does show remarkable im- 
provement in the last 2 years. Perhaps he would have liked it 
better if the curve had bent up sharply for these years. That 
would have fitted the points better than the straight line does. 
The lines were drawn conservatively with no attempt to bend 
up any curves. 

In answer to Mr. Campbell’s inquiry, all of the types are in- 
dicated in the reports. However, in making up the Power Cost 
Report the prospective user was forgotten. The reports are valu- 
able to the engine makers, to the oil salesman, to the utility 
salesman, and to the manufacturer. They are of some good to 
those who operate power plants. But it is felt they are of no prac- 
tical value to the man who is interested in installing a Diesel 
power plant. That is the man the Power Cost Committee would 
do well to remember. The author approves of omitting interpre- 
tation from the reports, but a few more graphical presentations, 
judiciously plotted, would do a great deal of good to those most 
important readers of the Power Cost Report who want to use it 
in order to determine what they can expect of the engine they have 
in mind. 

With reference to Mr. Schneitter’s comments, these curves 
were drawn from the raw material available. The Btu content 
of the fuel used is not listed in the Power Cost Report. These are 
not assumed or proposed curves but are the results of actual 
statistical evidence. There is a certain amount of interpretation 
in the second part of the paper which is so termed. This may be 
out of place in the cost report. 

The cost report includes individual engines, and only the dats 
for individual engines have been used in the chart. Btu content 
has been ignored because there was no information available, bu' 
the next best thing is gravity. There is a rather close correlativ! 
between Btu and gravity in ordinary petroleum fuels. In genera: 
the heavier fuels are no better or worse but about the same «& 
the lighter fuels in economy. My conclusion was, again interpre- 
tatively, that there was no effect of fuel gravity, generally speak- 
ing, on economy. It is true the heavier fuels have more heating 
value, but generally their combustion is less complete, whic) 
about makes up for the difference in Btu content. 

The author is in agreement with Mr. Schneitter that, if siz 
and type cannot be separated, then there is justification in th: 
notion that the large engines are better in lubricating-oil econom! 
than the small engines. But, if separated as was done in th 
paper, it becomes clear that within the types there is no cor 
relation. If the crankcase-scavenging engine is studied alone ©! 
the two-cycle air-injection engine alone, then one cannot 5%) 
that the large engine is better than the small engine. They 2” 
about the same, broadly speaking. 

In connection with Professor Maleev’s interpretation of Fig.* 
there is no doubt that others can and would draw the curve 
differently. Perhaps some of the material that was put unde! 
the heading of factual presentation should have gone into I 
terpretation, though nothing was done but present the poi!’ 
as they were taken from the Power Cost Report, leaving out no! 
no matter how improbable or erroneous some of them might &* 

If figures such as Figs. 2 and 6 should be included in the Powe 
Cost Report, the author would agree to leave out the lines * 
together. These lines were drawn conservatively. While we ba" 
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not used the method of least squares, we have used something 
approaching it. If medians are used rather than averages, then 
the least-squares method is probably out of order. 

Professor Maleev is perfectly correct that, when it comes to 
lubricating-oil consumption, the human element and some un- 
controlled factors play a great part. We know that many 


operators overlubricate their engines, sometimes to be on the 
safe side and sometimes because of ignorance. If we know the 
probable lubricating-oil economy, plus or minus 50 per cent, that 
is worth more than nothing, and when it comes to fuel-oil 
economy, then the estimate narrows down to about plus or 
minus 7 per cent. 
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Stability of Crankcase Ouils 


By W. F. WEILAND,' LINCOLN, NEB. 


In this paper the author attempts to answer two vital 
questions concerning lubricating oils, i.e., performance 
and useful life. Oxidation and corrosion tendencies con- 
stitute the major elements in the deterioration of crank- 
case oils. The essential requirements for conducting oxi- 
dation tests are outlined in the paper and the procedure 
and results of tests are indicated. Observations on the 
behavior of oils in service also offer a means for predicting 
oil performance. Acid-vapor tests to determine oil break- 
down are discussed and the results of corrosion studies 
detailed. 


N CONNECTION with lubricating oils, there are two ques- 
tions which engineers would like to have answered: (1) 
How can the performance of an oil be predicted? (2) When 

is an oil worn out? 

The advent of the modern high-compression internal-combus- 
tion engine has brought to light many lubrication problems which 
formerly were not apparent. Foremost among these problems 
are the oxidation and corrosion characteristics of the crankcase 
oils. More or less rapid oxidation of the lubricating oils, sub- 
jected to temperatures as they exist in modern engines, results in 
the formation of gums and sludges which in themselves constitute 
an endless source of trouble. Furthermore, as oxidation pro- 
gresses corrosion difficulties arise due to a gradual lowering of the 
temperature at which corrosive products of oxidation form. 

An oxidation test to be successful must simulate engine condi- 
tions as nearly as possible. The duration of the test should be 
within reason to make it commercially practical as a routine test; 
it should be simple to perform; different observers should be able 
to check results within limits; and last, but not least, a close cor- 
relation should exist between test results and oil performance in 
an engine. 

A suitable temperature at which to run an oxidation test must 
be selected largely by deduction. If one considers the jacket 
temperature, a temperature gradient through the cylinder 
walls, the usual polished and unburned surface of the piston- 
swept walls of an engine in good condition, and the rate of de- 
terioration of the crankcase oil, then, with all of these factors 
taken into account, an oxidation temperature of 300 F is at least 
reasonable. The logic of this assumption will be further empha- 
sized later. 

A second condition to be applied in an oxidation test is aera- 
tion. The question sometimes arises whether oxygen from the 
combustion chamber contributes to disintegration of the oil, but 
this presumption may not be a major contributing factor. Abun- 
dant air is whipped into the oil as it is splashed around and 
churned in the erankease, It is only necessary to expose this oil 
saturated with air to the heat of the piston and cylinder walls to 
accelerate oil breakdown. 

Other conditions which may affect oxidation are pressure, 
loreign solids such as road-dust and carbon particles, dilution, 
products of incomplete combustion, and metallic catalysts. 

‘Associate Professor of Mechanical Engineering, University of 
Nebraska. Mem. A.S.M.E. 
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A laboratory setup which at least partially fulfills the condi- 
tions enumerated has been described previously by the author.? 


MEASURING THE EXTENT OF OXIDATION 


The extent to which oxidation has progressed is based on the 
relative change in color density in the oxidized oil compared with 
the original oil. To measure this color change, fill one glass- 
bottom tube of the comparison apparatus to a depth of !/, in. 
with the oxidized oil. Pour from the original oil into the other 
measuring tube until the two oil columns show the same color 
density as observed by looking down through both columns 
simultaneously. The ratio of the height of the column of the 
original oil to the height of the column of oxidized oil is the 
“oxidation number” for that particular oxidation period. 

The oils reported in this paper have been given code numbers 
which can be partially deciphered, namely, the hundreds digit 
indicates the S.A.E. viscosity, while the tens and units digits in- 
dicate the house brand. For instance, oil number 124 is S.A.E. 
10 oil of brand 24, and 224 is S.A.E. 20 oil of the same brand. 
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Fig. 1 VARIATIONS IN OXIDATION CHARACTERISTICS OF OILs Com- 
MERCIALLY AVAILABLE 


Fig. 1 illustrates the wide variation that can be expected in the 
oxidation characteristics of oils on the market. Oxidation num- 
bers at 300 F are plotted against the oxidation period in minutes. 
A considerable percentage of the usual oils falls between Nos. 118 
and 224. In so far as oxidation is concerned, oil No. 322 still has 
acceptable characteristics but oils above this curve must be used 
sautiously; oils above No. 224 had better not be used at all for 
internal-combustion-engine lubrication. 

Since Fig. | includes a miscellaneous assortment of house 
brands, it shows that in general the weight of the oil is no index of 
its resistance to oxidation. It will be noted that both of the ex- 

?**Measuring Sludging Characteristics of Lubricating Oils,’’ by 


W. F. Weiland. Oil and Gas Journal, Jan. 20, 1938, pp. 83, 86, and 
93. 
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treme curves are 8.A.E. 10 oils. Even oil weights of one brand 
do not necessarily fall in logical order as is shown in Fig. 2. Here 
the S.A.E. 40 oil, except for short oxidation periods, is less re- 
sistant than No. 324. No. 524 is of doubtful quality because of 
the initially high oxidation rate. Even No. 624 falls above No. 
322 of Fig. 1. 

On the other hand, Fig. 3 represents the 8.A.E. 10, 20, and 60 
code No. 1 oils which are superior in quality. The boiling range 
of each weight is controlled within narrow limits in contrast to 
the code No. 24 oils represented in Fig. 2, where the several oil 
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Fig. Ox1paTION CHARACTERISTICS, O1L BRAND 24 


weights are obtained by blending. Oxidation numbers at 350 F 
instead of 300 F for code No. 1 oils were plotted principally to 
separate the curves more than would be the case at 300 F oxida- 
tion temperature. 


EFFECT OF TEMPERATURE ON OXIDATION 


This brings up the question of the effect of temperature on 
oxidation which is illustrated in Fig. 4. Oxidation numbers for 
5 min, 15 min, and 30 min are given for several oils oxidized at 
temperatures ranging from 275 to 350 F. The oxidation num- 
bers may be visualized as oxidation rates for the time specified. 
It is apparent that the oxidation numbers may be closely ap- 
proximated by a more or less complex exponential function of the 
temperature of the general form 


n= A(T+C)’ 

where 

n is the oxidation number 

A is a factor which will include such variables as aeration, 
pressure, effect of catalysts, etc. 

T is the temperature in degrees 

C is a temperature factor 


The exponent 2 in turn is a variable of the general form 


n* 


This equation for the oxidation number as a function of the 


temperature will in general involve too much labor to be of any 
practical value. It is inserted only to give a conception of the in- 
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crease in rate of oil breakdown with temperature, a fact which 
many engineers have probably sensed. 

Investigators have observed changes in properties of some oils 
exposed to atmospheric conditions for long periods of time. Some 
tangible evidence of such changes is shown in Table 1. Air was 
bubbled vigorously through these oils at atmospheric pressure 
and room temperature, for periods indicated in column two. No 
attempt was made in these tests to obtain quantitative results. 
Column three shows the usual oxidation numbers for a 30-min 
period at 300 F. Comparison of aerated samples with the new 
oil shows only a faint to no color change, but an entirely different 
picture presents itself after a 30-min oxidation period at 300 F as 
indicated in the last column. Preliminary aeration has little or 
no effect on oils Nos. 309, 411, 412. The ratio of the oxidation 
numbers after aeration to the numbers before aeration for oils 
214, 215, and 226 is approximately 1.3, while for oils 101, 105, 
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and 408, the ratio is slightly over 1.4 and for oil 204 it is near 
1.9. It is evident then that some oils will not stand up as we 
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under the beating they get in an internal-combustion engine. 
The upper curve of Fig. 5 is a service demonstration of t® 
point. This oil had been used 2000 miles in an oil-bath air clean 


TABLE 1 EFFECT OF AERATION ON OXIDATION 

Oxidation numbers———— 

30 min 300 F 30 min 300! 

Aeration before Aeration after 

Oil period, br aeration only aeration 
101 27'/2 1.12 1.00 1.64 
204 26'/2 1.02 3.12 1.92 
105 26'/2 1.04 1.00 1 48 
408 26'/2 1.92 1 08 2.76 
309 26'/2 1.28 1.08 1.32 
411 26/2 1.52 1.00 
412 26'/2 1.20 1.00 1.20 
214 33 1.28 1.00 1.90 
215 21'/2 2.84 1.04 3.68 
226 1.04 1.04 1.34 
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rABLE 2 OXIDATION NUMBERS WITH COPPER STRIP 


30 min 300 F 


Oil 30 min 300 F with copper strip 
101 1.12 13.70 
203 1.56 13.48 
206 1.28 4.34 
206 1.804 12.166 
208 1.88 5.00 
112 1.32 4.36 
120 1.32 1.96 


2 § hr 300 F 
6 5!/2 br 300 F with aluminum strip. 
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periods of time. Also that the most abrupt change occurs in 
the first 5 min, with very few exceptions. This last statement is 
made on the basis of tests on nearly 100 oils, representing over 60 
trade brands. 

The last column in Table 3 is highly significant in that it indi- 
‘ates the limit of solubility of the products of oxidation in the oil. 
It is probable that external influences may readily change the 
solubility characteristics. Nevertheless, when these gums can 


The 30-min 300-F oxidation number is 4.3 times the 


similar number on new oil. i 

Presence of metals in the oil sample during 

‘ P e 
oxidation has a variable effect which is quite alarm- 
ing with some oils. The oxidation number obtained 7 
in the usual way is positively no indication of the 

number obtained by oxidation with a copper 


strip as shown in Table 2. Oxidation of oil No. 
203 for example has proceeded so far in 30 min 
(n = 13.48) that the oil has become supersaturated 
with sludge even though this is an oil with high 
Oil 
perior to the other examples in resisting what is 
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gum-solvent characteristics. 120 is far su- 
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very likely a catalytic No in- 
formation is available at present regarding the 


action of copper. 


behavior of this oil in the presence of other metals. Fig. 6 
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Fig. 5 Service Resuitts No. 105 


Oil No. 206 behaves none too well in the presence of copper and 
it likewise performs badly in the presence of a strip of aluminum 
alloy cut from a new piston. This oil shows a high resistance to 

, oxidation when the test is conducted in the usual manner. 
It may seem rather strange to some that a mere change in color 
. density of an oil is an indication of the extent to which oxidation 


+ has progressed. Some rather conclusive evidence has been pre- 


sented? which shows the relation of the oxidation numbers to a 
sulphuric-acid test and also to Indiana values. To provide fur- 


f ther and more tangible evidence, a number of oils were oxidized 
) 4t 300 F for long periods of time. Results of some of these oils 


® up to 9-hr oxidation time are included in Table 3 and Fig. 6. It 


» 'Snoted from the table that oxidation numbers for 5 min, 10 min, 
. . . . 
and 30 min are continuous with oxidation numbers for longer 
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no longer be carried in solution, they will be deposited on vital 
engine parts and, by a process of accumulation, gradually build 
up to a dangerous point. 


TABLE 3 LONG-TIME OXIDATION, 300 F 
Oxidation numbers—acid-vapor temperature, degrees F) 
—Minutese——. —————Hours 
Visible? 

Oil 5 10 30 1 3 4.5 6 9 sludge 
203 1.28 1.28 1.56 1.88 2.80 3.52 4.52 8.46 10+ 
280° 270° 270° 260° 260° 220° ier 220° aa 
206 1.16 28 1.28 1.4 . 1.76 1.8 2.86 10+ 
296° 290° 270° 270° 280° 260° 
208 1.48 1.64 1.88 2.72 40 5.24 7.25 8.9 8 
310° 290° 265° 265° 265° 250° mi 260° 230° 
112 112 1.16 1.32 1.48 1.60 1.68 2.16 2.80 10+ 
250° 250° 250° 240° 240° 240° 
120 1.16 1.17 1.32 1.52 1.80 1.92 2.28 3.44 10+ 
270° 260° 230° 265° 250° 240° 210° ay 


“Visible sludge, as indicated by muddy color or by black streaks in the oil, 
ag when the oxidation number reaches the approximate figure given in 
this column, 


Concentration of gums or, more generally, the products of 
oxidation, need not reach the saturation point in the entire batch 
of oil in the crankcase before deposition begins. Local super- 
saturation may occur at any time in regions in the engine where 
these gums form most readily and especially where the oil is not 
generously and continuously replaced. The danger point of an 
oil may be reached even though the stick to all appearances is 
“clean.” 


PREDICTING O1L PERFORMANCE 


Observations on the behavior of oils in engines, examination of 
the drainings, filter cartridges, gasoline used, and examination of 
the sludges have led to an attempt to predict the performance 
of an oil at least as far as oxidation is concerned. It must be 
clearly understood that oil performance is subject to many vari- 
ables and that any predictions must likewise be accepted with an 
open mind. The estimate is based on the average slope of the 
oxidation number-time curve, stated as a percentage and is ob- 
tained as follows: 

Assume an oil with oxidation numbers 1.20, 1.32, 1.40, and 
1.40 for 5 min, 10 min, 20 min, and 30 min, respectively. Then 
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Change in the first 5 min = 0.20 
Change per min = — = 0.040 
Change from 5 min to 10 min = 1.32 — 1.20 = 0.12 
Change per min from 5 min to 10 min = — = 0.024 
Change from 10 min to 20 min = 1.40 — 1.32 = 0.08 
Change per min from 10 min to 20 min = = = 0.008 
Change from 20 min to 30 min = 1.40 — 1.40 = 0.00 
Change per min from 20 min to 30 min = 0.000 
Average rate from 0 to 30 min = (0.040 + 0.024 + 0.008 + 


0.00) + 4 = 0.018, which stated as a percentage is 1.8 per cent. 

This oxidation percentage divided into 100 gives 56, a number 
closely related to the maximum hours of useful service which the 
oil may be expected to give; and if a speed of 40 mph is assumed, 
the useful service is 2200 miles. 

As a check on these calculations, Table 3 gives oil No. 206 as 
showing visible sludge at an oxidation number of slightly over 10. 
The oxidation per cent for the first 30 min for this oil is 1.87 per 
cent or the equivalent of 2100 miles. Table 4 shows oil No. 206 
after 2000 miles of service. The oxidation number of these drain- 
ings after filtering through the usual laboratory filter paper is 
given in column 4 as 10.1 which checks well with Table 3. 


TABLE 4 OXIDATION OF DRAININGS 


Drainings 
New oil 30 min Drainings Oxidation Oxidation 

Oil 30 min 300 F to to new oil drainings 

miles 300 F drainings new oil per cent per cent 
206-2006 1.28 1.68 10.10 1.87 53.3 
107-1600 1.46 2.16 9.93 2.60 68.3 
208-1500 1.88 5.21 20.00 4.63 a 
119-1100 1.19 2.67 4.26 0.85 34.6 
119-1400 1.19 1.96 4.05 0.85 23.1 
322-37 hr 1.56 2.50 5.65 2.20 43.7 
327-39 hr 1.40 3.30 3.25 1.80 32.4 
101-446 1.12 1.72—Ford V-8 moderate speed—long trip 
101-519 2.12 1.68—Ford V-8 city driving 
101-1150 1.12 1.41—Ford V-8 city driving—cold weather 
101-1000 1.12 2.42—Ford V-8 transport truck 


@ This oil has outlived its usefulness. The calculated oxidation per cent 
for the drainings is well over 300. 


A further check of the drainings is of value. The filtered drain- 
ings are oxidized 30 min at 300 F in the usual manner. The oxida- 
tion number as compared with the drainings is given in column 


3 of Table 4 as 1.68. Then proceeding as in the calculation for 
oxidation percentage of the new oil: 


(1.68 X 10.1) — 1 
30 


= 53.3 per cent 


Observations of drainings indicate that the oil has passed its 
service peak and is rapidly declining in usefulness as a lubricant 
when this “oxidation per cent” of the drainings passes the 50 per 
cent mark. 

Oil No. 107 from Table 4 has outlived its usefulness. The 
casual observer would come to this conclusion from a mere in- 
spection of these drainings. 

Oil No. 208 in Table 4 has far outlived its usefulness. The 
oxidation number of the filtered drainings is 20.0 while Table 3 
shows this oil reaches its useful limit at a sludging number of 8. 

The 1100-mile draining of oil No. 119 isin worse condition than 
the 1400-mile draining of the same oil. This is readily explained 
in that the effective compression ratio of the engine from which 
the 1400-mile drainings were taken is considerably less because 
of poor valve timing than the engine using the same brand oil for 
1100 miles. The better engine, as would be expected, is more 
severe on the lubricating oil. Both automobiles were operated 
under very similar conditions. 
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A still further example of the variable oil performance to be 
expected, even in the same or similar engines, is shown in the four 
examples of drainings of oil No. 101. 

Fig. 5 is of interest as it illustrates the progressive increase in 
oxidation rate of oil in service. Both drainings were obtained 
from the same automobile operating in each instance under 
similar conditions. 

All readings were made with a Weston electric meter on oil 
depths of '/, in. and for this reason are not exactly comparable to 
other oxidation numbers reported in this paper. An electric- 
meter reading is a measure of the amount of light that passes 
through the oil, irrespective of color or color density. Further- 
more, sludges and solid particles tend to disperse the light and 
may actually increase the meter reading in some instances and, 
at other times, give a lower reading because of the simultaneous 
blocking effect of colloidal particles. Many tests were made with 
the electric meter on various new oils and on drainings, but the 
method was finally abandoned in favor of visual inspection. 

The per cent oxidation computed in the usual manner for thi 
new oil, Fig. 5, is 0.15 per cent, for the 260-mile draining is 3.5 per 
cent, for 1600-mile draining is 7.55 per cent, and for the 2000-mile 
air-cleaner draining is 13.85 per cent. Total oxidation based on 
the new oil is 9.8 per cent for the 260-mile draining, 50.5 per cent 
for the 1600-mile draining, and 18.2 per cent for the air-cleaner 
draining. Sludge formation in the 1600-mile draining during the 
laboratory oxidation was noticeably rapid, which is further 
evidence of the desirability of an oil change when the oxidation 
per cent of the drainings reaches the 50 per cent point. 


Acip Propucts From BREAKDOWN 


It has been known for some time that oil breakdown is attended 
by the formation of more-or-less acid products. The exact nature 
of these products, general rules governing their formation 
methods of their detection, and their effects are not so well known 
In the practical analysis of this problem, their exact nature is o/ 
less importance than a knowledge of the conditions under whic! 
these products are formed and evidence of their effect. It must 
be clearly understood that the standard acid test for lubricating 
oils is of no value in the detection of these acid products, as the: 
are given off by the oil principally as vapors, hence, the designs- 
tion ‘‘acid vapor.” 

Acid-Vapor Test. The oxidation apparatus is slightly modifie 
by placing a l-in. diameter X 3-in. length glass tube in a vertica 
position in the suction line leading from the test tube and as near 
the test tube as practical. An acid indicator such as blue litmu: 
is suspended in this tube. 

Procedure. Heat the oil bath to 350 to 360 F and maintain the 
temperature within these limits. Place about 25 ce of oil ! 
the test tube and adjust the air suction to 4 in. of water. When th 
first trace of color change appears on the litmus, note the tem 
perature of the oil sample. This reading is recorded as the “acic- 
vapor temperature.” 

In the average run of oils, the acid-vapor temperature drop 


rapidly as oxidation proceeds. The lower row of figures unde’ 
each oil in Table 3 gives some of these temperatures for the long: 
time laboratory oxidation tests. The acid-vapor temperature ° 
the new oil is no definite prediction of what happens later. How 
ever, a strong acid-vapor indication in a new oil containing fatt! 
additives is open to suspicion. Such is the case of the oil of Fis 
5, which showed a relatively high resistance to oxidation by th 
usual test, but the 1600-mile draining broke down very rapidly 
Fig 7 shows graphically the trend in acid-vapor temperatu® 
of three of the oils of Table 3. Oxidation for several points 
these curves was forced to obtain a few of the acid-vapor te” 
peratures not included in the table. The acid-vapor temperatt™ 
appears to reach a near-minimum value and, when this occU™ 
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visible sludges begin to make their appearance in the oil, the oil 
being oxidized in the usual manner. 

For low oxidation numbers the acid-vapor temperatures may 
be more or less erratic, especially for built-up oils containing a 
miscellaneous assortment of additives, as oil No. 120. Such 
oils are likely to approach the near-minimum, acid-vapor tem- 
perature much sooner than a straight-cut oil and, therefore, are 
again open to strong suspicion. 

Acid-vapor temperatures as low as 180 F have been observed 
in oils oxidized in the laboratory, and as low as 140 F in crankcase 
drainings. There is no record as yet that any of these oils has 
shown the presence of acid by the standard acid test. 

The minimum acid-vapor temperature and possibly the rate 
of drop in acid-vapor temperature are in themselves only an 
indication of what may be expected to happen in an engine 
specifically from the point of view of corrosion. To throw some 
light on this question, a number of new oils and drainings were 
heated at 300 F in the oxidation apparatus with air bubbling 
through in the usual manner for 3-hr periods. Carefully weighed 
strips of metal were placed in each sample of oil. Tests were made 
with cadmium-copper-silver bearing-metal strips, and repeated 
with fresh oil samples on polished copper strips as well as on 
pieces of aluminum alloy. At the close of the test period, the 
metal strips were removed and carefully washed with benzol and 
with carbon tetrachloride and allowed to dry. The metal strips 
were weighed again and the loss in weight in per cent calculated. 
It is well appreciated that there may be a slight increase in 
weight of the metal due to possible adsorption of hydrogen and 
nitrogen, or chemical combination or alloying with carbon, 


Grapuic INDICATION OF TREND IN ActD-VaAPOR TEMPERATURES 


oxygen, sulphur, ete. A metallographic study or even a chemical 

analysis may be advantageous in the final study of this problem. 
TABLE 5 CORROSION STUDIES, 300 F 

-—— Loss in weight in 3 hr, per cent—— 


Acid-vapor Cadmium- Aluminum 
temperature, copper- Copper permite 
Oil F silver strip No. 3 

101 new 290 0.0000 0.0208 eae 
101-1000 miles 230 0.0000 0.0208 Pre 
102 new 285 0.0000 0.0386 0.0053 
102-1000 miles 220 0.0390 0.0560 anc 
403 new 320 celts 0.0110 0.0140 
403-450 hr 240 0.6026 0 0322 0.0032 
105-1600 miles 165 0.2950 0.0680 ea 
107-1000 miles 250 0.1240 0. 
410 new 270 0.0013 0.1520 ‘aia 
410-450 hr 200 0.0000 0.1180 0.0046 
417-450 hr 210 0.0000 0.0234 0.0036 
119-1100 miles 210 0.0440 0. a 


A few instances are reported in Table 5 which indicate no loss 
in weight. Attention is directed to the outstanding losses of 
the 410 new oil on copper strip, and the 105 and 107 drainings on 
the cadmium copper silver. The oxidation curves for oil No. 105 
have been referred to in Fig. 5. Oil No. 107 is similar to oil No. 
208 of Figs. 6,7, and 8. With the notable exception of oil 410, 
the drainings generally show more rapid corrosion than the new 
oil, which is to be expected. Exceptions need explanation. Oil 
410 is a Diesel oil with additives. When the additives have been 
disintegrated, the oil assumes a more normal status. However, 
in the meantime, as the oil wears down to a normal condition, the 
engine must suffer. Such was actually the case. The engine using 
this oil showed excessive wear and was ready fora major overhaul 
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in 450 hr. When oil No. 410 was replaced by oil No. 403, engine 
wear became negligible at least for the 450-hr period. 

Loss in weight of the aluminum alloy was not anticipated. 
These losses are slight but they nevertheless exist, and lead to 
the question of possible corrosion with other metals used in the 
internal-combustion engine. 

Drainings that show the lowest acid-vapor temperature are 
not necessarily the poorest oils, at least as far as the metals re- 
ported in these tests were concerned as in examples Nos. 107, 
119, and 417. 

It is quite probable that dilution has some bearing on the acid- 
vapor temperature and on the oxidation characteristics of the 
drainings. To the author’s knowledge, no satisfactory method 
has been devised to remove dilution without the danger of chang- 
ing the oil characteristics. 

In conclusion, it is felt that the question of stability, or better, 
the lack of stability of crankcase oils has been only partially 
solved. Oxidation characteristics of the oils are the starting point 
from which to attack the problem. In this respect the perform- 
ance of an oil can be predicted with only a fair degree of certainty. 
As the temperatures of engines go up, a temperature exponent 
may be introduced to modify the oxidation numbers. More 
information is needed concerning the catalytic action of metals 
on oil oxidation. In the final analysis, either the metals or the 
oils may be standardized; as a makeshift, oil A may be definitely 
recommended for engine z. 

Oil breakdown is very definitely associated with a near-mini- 
mum, acid-vapor temperature, which in turn has its bad effects 
on at least some of the engine metals. 

Formation of visible sludge is closely associated with oil 
breakdown and near-minimum, acid-vapor temperature. Evi- 
dence indicates that visible sludge is a warning to change the oil. 

The acid-vapor problem throws an entirely new light on oil 
filters. Filters can be made to remove solids and some sludges; 
they can be chemical in action to neutralize acids that might exist 
in the oil. But these acid vapors which form more or less con- 
tinuously at vital points in an engine never come near the oil 
filter. 

As a final thought, perhaps the oil should be changed more 
frequently. 


Discussion 


GerorGE Rounp.® Every oil refiner is deeply interested in the 
subject of this paper and many dollars have been spent on it, 
but as yet without any conclusive answer being obtained. 
Whether the author has discovered the final answer with the 
particular oxidation test which he has developed is difficult to 
say, but we venture to hazard a guess that he himself would not 
be so bold as to say that it would be a substitute in every case for 
engine tests. 

Most of the oxidation tests, which have been developed thus 
far, represent an attempt to predict, from a relatively short-time 
test, what is going to happen in an engine in a few hundred or a 
few thousand miles. The author’s test takes less time than any 
other of which we know for making such a _ prediction. Any such 
accelerated test is always open to question even though in this 
instance the temperatures are not abnormal and below those of 
several oxidation-test procedures developed by others. 

Before any test of this sort can be used with any degree of 
assurance whatsoever, it must be correlated with very extensive 
field and laboratory test work, particularly the former. In 
stating this, we wish to emphasize that it is the appearance and 
condition of the engine itself rather than that of the crankcase 
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oil which counts. Hence, reliance on the analysis of crankease- 
oil samples alone in judging the performance of oil is likely to 
be misleading. We must know what happens to the engine itself, 

While it is possible to develop an oxidation test which will 
give reasonably consistent results on a single oil, the engine itself 
gives widely inconsistent results. For example, we could cite a 
case where a certain make of engine under certain operating con- 
ditions gave a great deal of trouble from lacquer deposits on cer- 
tain parts, the engine and the filter otherwise being exceptionally 
clean. Laboratory oxidation tests indicated that the oil was ex- 
ceptionally stable. When an attempt was made to duplicate the 
field condition in the laboratory, using the same make of engine 
and oil from the same containers, the engine ran perfectly and 
no sign of lacquer developed. Why this should be still remains 
a puzzle which apparently cannot be answered by any laboratory 
test, yet it presents for solution a very important commercial 
problem. If the author’s oxidation test will give any clu 
toward answering the question of why the same oil gives satis- 
factory results in some engines and not in others, or in the same 
engine under one set of conditions and not in another, even under 
accelerated operating conditions, he has made a very valuable 
contribution to a lubrication problem. 

There are some statements in the paper which we believe are 
not always consistent with the facts. For example, the author 
states, “the better engine, as would be expected, is more severe 
on the lubricating oil.” This is not always the case. In fact, we 
find that in many instances, the oil deteriorates much less rapidly 
and the engine stays much cleaner when the rings are new and i! 
good condition than they do when these parts have become worn 
The answer appears to be in the fact that products of incomplet 
combustion and decomposition of the fuel get into the crankcase 
and contaminate the oil much more rapidly in worn engines than 
in those in good condition. Thus far it does not appear to b& 
possible to differentiate between oxidation products from the fue 
and from the lubricating oil. 

The author speaks of oils containing fatty additives. We know 
of none being offered today for motorcar lubrication. 

The author again refers to additives in Diesel oils as affecting 
oil performance in an adverse way. We wonder if he appreciate: 
that it is impossible to lubricate satisfactorily certain makes © 
Diesel engines with oils not containing additives. 

There is an implication in these references to additives whic 
might lead one to feel that oils containing them are not all they 
should be. The facts of the matter are that with present ane 
expected developments in both carburetor- and Diesel-tyy 
engines, it is going to be necessary to use additives of variow 
sorts, because it is impossible to build into lubricating oils all « 
the characteristics that are required by these new engines. 


T. H. Rocers.‘ As indicated in his introduction, the auth 
attempts to answer two questions: 
1 How can the performance of an oil be predicted? A co=- 


parative test for color formation at 300 F is proposed as a measu™ 
of the performance but little or no data are given to show that t= 
test correlates with performance of the oil. 

2 When is an oil worn-out? The author at various points © 
dicates limits of usability of oils based on the color-stabilt 
test, but provides no adequate basis for the limits selected. 

It has long been appreciated by oil technologists that co 
formation is a qualitative indication of the oxidation behar* 
of lubricating oils, but few of them would agree that comps 
tive color formation is an adequate quantitative measure 
such behavior. In certain cases, for example, by the use of 
inhibitors, this qualitative correlation is entirely upset. 1™ 
oxidation of lubricating oil is of itself an extremely complics™ 
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phenomenon, aside from the varied conditions involved in the 
service of such oils. We definitely question whether a brief 
color-stability test, under comparatively mild conditions, prop- 
erly takes account of the situation. We note that the author 
states that his tests correlate with the Indiana oxidation test. 
However, the comparison made was with one single point on 
the asphaltene-time curve afforded by the Indiana test. In pre- 
senting the Indiana test and in our subsequent use of it, we have 
stressed that a single point on this curve is not a complete meas- 
ure of the oxidation behavior of the oil, and we feel that various 
other aspects of the oxidation behavior are necessary to evaluate 
the oil completely. 

To summarize briefly the status of the problem of the stability 
of crankease oils, we would say that the following aspects are 
apparent in terms of the performance behavior of the oil: (a) 
Asphaltene formation, (b) viscosity increase, (c) corrosiveness 
toward certain metals, and (d) varnish formation. 

These several aspects of oil oxidation or deterioration require 
separate consideration from the performance standpoint, and 
variations in the conditions of use will change the emphasis which 
is to be placed upon the different aspects. Furthermore, from 
the standpoint of oxidation tests, it is definitely known that these 
four aspects of oil oxidation do not correlate with each other; 
that is to say, it is not possible to measure asphaltene formation 
(or any other one feature) and then predict any one of the other 
three. No one of the aspects of oxidation can be used as a single 
criterion. Also, it has not yet been found possible to study the 
problem of corrosiveness by measuring the amount and strength 
of acids, but actual corrosive behavior toward metals is necessary. 

The oxidation number, based on color development, used by 
the author, is not a real measure of any one of the previously men- 
tioned aspects, but may be considered to be somewhat related to 
(a). On the basis of these considerations, it must be said that 
the calculations of the author as to per cent oxidation and the 
limits of usability of oil based on the color-stability test seem 
quite arbitrary. The observations of the author regarding the 
vapor temperature of acidity development are interesting. It 
would appear to be desirable to correlate these with actual cor- 
rosion tests. 


H. M. Ruae.® For nearly two years, the Pennsylvania Grade 
Crude Oil Association has been conducting a very intensive and 
fundamental study of oxidation. The results of this study seem 
to disprove the statements that the extent to which oxidation has 
progressed may be predicted by the change of color density in 
the oxidized oil, and also that the grade of oil is no index of its 
resistance to oxidation. 

In this research work, carefully prepared fractions of oil of 
varying molecular structure are studied to obtain variations in 
their susceptibility to the absorption of oxygen. To avoid the 
effect of other variables, pure oxygen has been used, thus, at 
the same time, accelerating the tests so that the results are 
equivalent to many times the expected use of an oil. Even though 
the Pennsylvania region has been manufacturing and studying 
petroleum products for over 75 years, much new knowledge is be- 
ing developed in this research. Analysis of these oxidized fractions 
shows that the process of oxidation is a very complicated one. 
Data are obtained showing the distribution of oxygen into such 
products as carbon monoxide, carbon dioxide, water, volatile and 
fixed acids, and sludge, the sludge being further divided into 
lacquer-type, oil-soluble, and naphtha-insoluble fractions. The 
different fractions show varying tendencies in the absorption of 
oxygen; also, temperature vitally affects these tendencies. 

These points are mentioned to show that, where such large 
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differences occur in carefully controlled laboratory tests, any at- 
tempt to make quick analyses of oils used under the promiscuous 
operating conditions of an engine is simply futile. 

Then there are the differences in the lubricating oils themselves 
which will undoubtedly make a color comparison of oxidation un- 
reliable. This is probably why, in Fig. 1 of the paper, the oxida- 
tion rates of different oils seem to cross. With differences in 
crude source, where quite wide variation in oxidation stability 
occurs, differences in process of manufacture, conventionally re- 
fined, solvent-refined, long residuum oils, together with blends of 
these products, color comparisons will be of little value for oxida- 
tion data. We can find heavily oxidized oils light in color that 
are unfit for use and, in contrast, oils dark in color that are not 
oxidized to harmful degree. 

A study of present-day engine designs, as well as future tend- 
encies, and a study of the practices of a majority of automotive- 
vehicle owners and users indicate very plainly that a return to 
the former recommendations for frequent draining and occasional 
flushing will, in the end, be less expensive and give less trouble, 
notwithstanding the development of any special tests such as the 
author has described. 

The automotive industry wants and receives from petroleum 
something that will burn freely and clean, producing all possible 
power. This is accomplished by uniting it chemically with 
oxygen. In other words a high-grade fuel is required. At the 
same time, it happens that this same medium, petroleum, has 
proved that a part of it makes a good lubricant. Therefore, it is 
required to take from this medium something else which will resist 
the reaction with oxygen, will not burn or oxidize, when such a 
reaction is really both natural and potent. 

The petroleum industry is doing and has done a very good job 
in meeting these conditions but the users of these products must 
take into consideration the fact that petroleum, like all other ma- 
terials prepared from matter, has certain physical limitations. 
The petroleum industry has no data, as yet, on what the “factor 
of safety” is in lubricants. For that reason, how do we know how 
much it will resist oxidation or what the thin film of oil on the 
cylinder wall will do? We do not like to see engine builders or 
designers go to the point of pressing that film until the thickness 
has to be measured in molecules rather than fractions of an inch, 
and the circulation drastically reduced to obtain ‘‘oil economy,” 
then expect it to withstand the high temperatures and pressures 
of present-day designs. 

A great deal of work has been done with additives, and many 
jobs seem to require them. However, all will agree that, where 
additives have been used to improve or correct one condition, 
almost invariably other difficulties have been encountered. We 
are not convinced that additives are absolutely necessary, but 
believe that, through our research studies, it will be possible to 
produce the proper qualities, namely, oxidation resistance, cor- 
rosion resistance, etc., in the lubricating oil by the method of 
processing it, and avoid the worries and troubles resulting from 
the use of chemical nonpetroleum additives. 


E. T. Vincent.® The writer would like to indicate something 
of the engine-users’ points of view, with the purpose of establish- 
ing some relation between the oxidation tests and actual per- 
formance. We had a problem some time ago involving an air- 
cooled aircraft engine in which considerable trouble from gum 
and carbon formations was experienced. One of the regular 
oxidation tests was tried. Unfortunately, the oil which per- 
formed best in the engine, giving almost no gum, was practically 
a tarry mass soon after the oxidation tests had started. It is 
therefore believed that engine tests should be conducted at the 


® University of Michigan, Ann Arbor, Mich. 


2 
re 


132 


same time to establish some basis of comparison with the oxi- 
dation tests, because apparently they do not correlate. 

The question of temperature is often raised in connection with 
oil engines. Everyone says the Diesel engine is hot, and that 
is why we get so much gum. The writer does not think that 
is the case, for several reasons. Jacket losses are much lower 
than with the gasoline engine, therefore, the temperature differ- 
ence between the inside and the outside of the cylinder oil film 
must be lower. It is well known that heat flow depends upon 
temperature difference so, if the heat flow is less, temperature 
difference is less. A gasoline engine, comparable in size to a given 
Diesel engine, has higher piston temperatures. Therefore, the 
question is not wholly one of temperatures. 

An experience of the writer’s some years ago attests to this fact. 
While testing a completely new engine, using a high-grade lubri- 
cating oil, we were motoring it by means of the dynamometer, with 
no fuel in the engine. Therefore, the temperature differences were 
extremely low; just whatever the jacket-water temperature hap- 
pened to be, due to the compression. We motored the engine 
for about 4 hr and then went to lunch. On returning, the engine 
could not be turned around. The gum formation which had 
occurred in 4 hr was so great that, when the engine stopped, it 
was actually stuck together. We used solvents to get the engine 
dismantled. 

That same engine, with the same lubricating oil, was then put 
on fuel. With fuel oil and with higher temperatures, running on 
load, gum formation did not occur. Therefore, we can definitely 
rule that temperature is not the only cause of such formation. 
(The engine was of the sleeve-valve type and probably sensitive 
to blow-by, until the sleeves and rings were sealed in.) 

In the writer’s opinion oxygen content is the chief cause of gum 
formation. In the Diesel engine, when running on load, there is 
an excess of air which the gasoline engine does not have. The 
gasoline engine is usually running on a rich mixture with prac- 
tically no oxygen at all in the blow-by gas. That consideration 
should be taken into account when dealing with Diesel engines. 


L. A. Buane.’ In corroboration of Professor Vincent’s opinion 
about oxygen in the blow-by, we have analyzed a number of 
blow-by gases on Diesel engines and have found that in all cases 
oxygen is never less than 20 per cent, regardless of load on the 
engine, and over a wide range of blow-by. 


AUTHOR’s CLOSURE 


There seems to be some misunderstanding in regard to color 
change in the oil. It will be noted that the paper did not say 
“color change” but rather considers and measures oxidation as 
a change in density of a given color, as compared with the 
original oil. 

In regard to life of the oil, tests up to 12 and 24 hr have been 
run on oils of Fig. 6, since this paper was written. Oxidation of 
oil No. 208 continues approximately as a straight line until at 
12 hr the oxidation number is 13.5 and, at 24 hr, it is 31. 

Oil No. 120 seems to be quite good up to about 9 hr, when 
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oxidation breaks sharply to give 12.8 at 12 hr and 90 at 24 hr. 
Visible sludge begins to form between 9 and 12 hr. This is a 
built-up oil which seems to be quite stable until the additives 
begin to break down. Thus, in predicting the useful life of an oil 
from short-time oxidation tests, the prediction holds fairly well, 
except for oils with additives, when longer oxidation periods 
must be used. 

A study of oxidation rates and acid-vapor-formation tempera- 
tures in the presence of metallic catalysts should give some in- 
formation relative to the effect of additives. It is true that some 
additives will perform well in certain engines but poorly in others, 
Reference is made to an oil not reported in the paper. This oil 
is built up especially for engines containing copper-base bearing 
metals. When this oil is oxidized in the presence of copper, very 
little change occurs, but other metals such as mild steel, cast iron, 
aluminum, and babbitt, all act as powerful catalysts to accelerate 
oxidation and reduce the acid-vapor temperature. Tests show 
that metallic catalysts, as a general rule, will lower the acid- 
vapor-formation temperature a good deal faster than the oxida- 
tion number increases. It is believed that tests in the presence 
of catalysts will in part answer some of the discrepancies which 
so often occur in engine tests, as well as in laboratory tests, and 
help to enumerate more of the variables that affect oil perform- 
ance. 

A question was raised by Mr. Round relative to performance 
of oil in the better engine. The term ‘‘better’’ refers to engine 
design, as both engines were relatively new and operating condi- 
tions were similar. The effective compression ratio of one of 
these engines was much below the nominal because of relatively 
poor valve timing. 

It appears that Mr. Rugg contradicts his own statement that 
grade of an oil is an index of its resistance to oxidation. The 
statement is true for close-cut oils, such as in Fig. 3, but for the 
general run of oils on the market, viscosity cannot be considered 
an index of resistance to oxidation (refer to Figs. 1 and 2 of the 
paper). 

The feasibility of predicting the useful life of an oil from these 
oxidation tests was questioned by several discussers. Their at- 
tention is called to the last column of Table 3, listing the oxida- 
tion number at which visible sludge appears, and to the subse- 
quent section “Predicting Oil Performance.”” Furthermore, the 
appearance of visible sludge is very closely associated with the 
minimum acid-vapor-formation temperature which appears to be 
just as important as the oxidation number, as.a gage to determine 
the useful life of an oil. 

It is not necessary to assume blow-by as a specific contributor 
to oxidation. The air in the crankcase is beaten into the oil 
during operation and, upon subsequent heating, oil oxidation 
results. Table 1 shows that, in general, oil deteriorates faster 
when it is saturated with air. 

In conclusion, a point was raised in regard to the effect 0! 
pressure on oil breakdown. A few tests have been made in ai 
extreme-pressure machine. As an example, it was found that for 
oil No, 208, 6-min operation in the extreme-pressure machine ws 
equivalent to 30-min oxidation, both as regards oxidation number! 
and acid-vapor temperature. 


terest 
flexur 
motiv 
100 n 
total 
bined 
the fr 
ertia ¢ 
In ¢ 
emplo 
slide-c 
and ¢ 
obtain 
tion of 
the ax: 
proced 
Placery 
or dea 
verse t 


' Pre 
AS.M. 

Cont 
Annual 
Socter: 

Nor 
underst 
of the 


2 
Core 
hic 
seen 
are 
to al 
were 
ly 
m= 
~ 
| 
| 


Whip Stress in a Locomotive Main Rod 


at 100 Miles per Hour 


By M. W. DAVIDSON,’ VERMILLION, S. DAK. 


Older railway motive-power units are being operated 
at, and new equipment is being designed for, higher speed 
than has prevailed in the recent past. The paper presents 
a precise method for the determination of inertia flexural, 
or whip, stress in locomotive main rods. 

One hundred miles per hour is the speed that is chosen 
for illustrating the method, and for exhibiting the stresses 
which are developed; since at the present time that 
seems to be the general operating goal for fast rail traffic. 
Also, speeds of this order are frequently attained by the 
main rod and the mechanism in general when locomotives 
are slipping. 

Accurate equations for the inertia forces and couples 
are obtained for use in determining the inertia reactions 
and loads. These equations are of universal applicability 
to all the parts and fractional parts of the mechanism. 

The rod bending moments and accompanying stresses 
were determined through the use of the external wrist- 
pin reactions in combination with the distributed rod- 
inertia loading. The moments and stresses were found 
for six or seven sections along the body of the rod for each 
of twelve crank positions spaced at 15-deg intervals. Fi- 
nally the total tensile unit stress is found for each section 
and crank position, by combining that which is due to 
whip, with that which results from rod axial-inertia forces 
and the force of the steam. 


AILWAY TRAINS which operate at sustained speeds 
approaching a hundred miles per hour are rapidly in- 
creasing in number. Because of this trend it has in- 

terested the writer to make something of a detailed study of the 
flexural or ‘“‘whip’’ stress which develops in a conventional loco- 
motive I-section main rod when the locomotive is running at 
100 mph, and also to follow this with an examination of the 
total tensile stress which results when the whip stress is com- 
bined with that due to the inertia of the reciprocating parts, 
the fraction of the main rod itself, the steam force, and the 
component of the normal guide reaction which is due to the in- 
ertia of the rod. 

In order to make this study accurate, it seemed desirable to 
employ accurate characteristic expressions, which apply to the 
slide-crank mechanism for the determination of its inertia forces 
and couples. These characteristic expressions may readily be 
obtained by the use of the differential calculus for the construc- 
tion of formulas which give the linear acceleration of a point on 
the axis of the rod, and the angular acceleration of the rod. The 
procedure is first to express in terms of the crank angle the dis- 
placements of a point on the rod axis from its zero-displacement 
or dead-center position, both along the engine axis, and trans- 
verse to that axis. Then the second derivative of displacement 
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with respect to time for each of the two expressions will give, 
respectively, expressions for the point’s axial and transverse 
accelerations, and the product of these latter by the rod’s mass 
will give the expressions for the corresponding components of 
its linear-inertia force. In like manner the angular acceleration 
of the rod may be obtained, if the same treatment be given the 
expression for the angular displacement. The product of this 
acceleration by the rod’s moment of inertia about its mass-center 
axis yields the expression for the angular-inertia torque or couple 
about that axis. With these formulas the dynamic effect of 
the rod as a whole, or of any part of the rod may be completely 
determined. 

The form of the expressions used herein departs from the con- 
ventional, in that the variables are expressed as lengths of the 
mechanism diagram, rather than as functions of the crank angle. 
These forms are thought to lend themselves conveniently to the 
determination of the desired quantities either by simple computa- 
tion or by diagram scaling. 
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Fig. 1 Mecranism DiaGRamMs 
(The stroke-end value of @ is used in the equations.) 


Fig. la represents the arrangement of the slide and crank 
with the crank center offset from the path of reciprocation, and 
Fig. 1b the usual arrangement with the crank center on that 
path. In addition to the quantities shown in Fig. 1, where all 
distances are in feet, the following notation is used: 

F, = the horizontal or axial component of the linear-inertia 
force of any mass of which the mass center is at any 
point n in the axis of the connecting rod, Ib 
vertical or transverse component of the same force, Ib 
the angular-inertia couple about its mass center of 
any mass of which the mass center lies in the axis of 
the connecting rod, lb-ft 
V = linear velocity of crank-pin center, fps 
Ww weight of the accelerated mass, lb 
acceleration due to gravity, ft per sec per sec 
= the constant 3.1416 
= number of revolutions per sec 
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moment of inertia of the accelerated mass about the 
mass-center axis which axis is perpendicular to the 
plane of motion of the connecting rod, slug-ft? 

The desired equations are? 


; = gC? R As A 4 . Pig. 1a 


wv? b 
H (: _.Figs. la, 1b [3] 


H kBt] 
T = la [4] 


T = 44*N?](R* — C*)H/A?...... Fig. 1b [5] 


In applying these equations, distances to the right and left of 
the crank axis are respectively plus and minus, and those above 
and below that axis are likewise respectively plus and minus. 

Examination of the equations shows that if b, the distance 
from the crank-pin center of any point n in the rod’s axis be 
made zero, then n becomes the center of the crank pin, and 
F,, and F, are simply the axial and transverse components of the 
centrifugal-inertia force of a mass centered at that point. If b 
be made equal to R, then n becomes the wrist-pin center, and 
F,, will give the axial-inertia force of any mass, such as the re- 
ciprocating weights, which may be centered there, and F, will 
become zero as there is no transverse acceleration of the mass 
so located. If b be taken as the distance to the rod’s mass 
center, then n will be its mass center, and F, and F, will give, 
respectively, the axial and transverse components of the linear- 
inertia force of the connecting rod as a mass unit, and 7’ will 
give its angular-inertia torque about the mass-center axis which 
is perpendicular to its plane of motion. Also if b be taken for 
any point in the rod, the axial and transverse components of the 
linear-inertia force and the angular-inertia torque of a unit mass 
so centered may be determined accurately by the use of the 
equations. 


THE PROBLEM 


The particular connecting rod, reciprocating weights, general 
dimensions, and quantities used in the study are from a class 
F-3, Chicago, Milwaukee, St. Paul and Pacific locomotive, 
having cylinders 23 in. in diameter and 28 in. stroke; driving 
wheels 79 in. in diameter; reciprocating parts weighing 1126 lb; 
T-section connecting rod, 116'!/; in. between wrist-pin and crank- 
pin centers, and weighing 877 lb. The mass center of the rod 
with journal brasses in place was found at 38 in. and 78"/2 in., 
respectively, from the crank-pin and wrist-pin centers. The 
moment of inertia of the complete rod about its mass-center axis 
was experimentally determined by observing its time of oscilla- 
tion as a compound pendulum when suspended upon a knife- 
edge support set parallel to the wrist-pin axis and which made 
contact with the outer wrist-pin brass along its extreme outer 
bearing element. By checking the results obtained with geo- 
metrically shaped masses with the results obtained with the 
integral calculus for the same masses, the author has found this 
method for determining mass moment of inertia very accurate 
when carefully performed. The value of the rod’s moment of 
inertia first obtained for the axis of suspension and then trans- 
ferred to the parallel gravity axis gave a value about the latter 
axis of 405 slug-ft?. 

2 The Appendix shows the derivation of the equations for the case 
of Fig. 1b. 
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DATA 


poun 
a, H, B, A, H? R°B? H the r 
deg ft ft ft AS A As A3 
360- 0 0 1.167 9.71 916 0 0.1210 0 trans 
330-30 +0.5833 1.010 9.70 912 0.0351 0.1053 0. 0006390 of th 
315-45 +0.8250 0.8250 9.675 904 0.0703 0.0709 0.0009 125 
300-60 +1.010 0.5833 9.650 899 0.1058 0.0361 0.0011230 net s' 
285-75 +1.127 0.3025 9.633 894 0.1320 0.00963 0.0012600 tir 
270-90 1.167 0 9.630 893 0.1412 0 0.0013060 ™° 
255-105 1.127 —0.3025 9.633 894 0.1320 0.00963 0.0012600 at his 
C = 1.167 ft, C? = 1.36, R = 9.71 ft, R? = 94.25, R?C? = 92.89, V = 52 
fps, V? = 2704, w = 44.55 radians per sec, V2/gC’ = 61.65, N = 7.09 rps, 
N? = 50.3, Wrod = 877 lb, rod = 405 slug-ft?, g = 32.16 ft/sec? 
Th 
Rod 
section, of its 
1 in. Area, I-section, Jmass, Weight, b, b any 
long sq in. in. slug-ft? lb ft R See mod ? 
a 36 243 0.0149 10.2 10.156 1 
b 36 243 0.0149 10.2 8.948 0.922: s 
c 10.54 54.24 0.00332 2.99 8.375 0.86: 05585 ] 
d 10.83 61.57 0.00377 3.07 5.542 0.5710 0.05225 vir 
e 11.07 68.45 0.00418 3.14 3.167 0.3263 0.04930 _ 
I 11.29 78.68 0.00482 3.20 1.167 0.1202 0.04486 
p 15.00 195 0.01430 4.25 9.710 1 .) 
k 7.208 0.7450 0.05500 mt ES 
The principal data for substitution in the equations for force f) _*. 


and torque are given in Table 1. 
sidered to be zero. 


the path of reciprocation. 


Using Equations [2], [3], and [5] for each 15 deg of crank 
angle, the data of Figs. 2, 3, 4, and 5 were computed. 
give, respectively, the values for the rod’s angular inertia in 


The friction effect upon the 
well-lubricated mechanism is relatively slight, and was con- 
With this assumption the reaction of the 
crosshead guides at the wrist-pin end of the rod is normal to 
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pound-feet, the component of its linear-inertia force parallel to 
the reciprocating path, the component of its linear-inertia force 
transverse to the reciprocating path, and the linear-inertia force 
of the reciprocating mass, all in pounds. Fig. 6 represents the 
net steam force for driving the piston, as obtained from a loco- 
motive indicator card taken when the locomotive was running 
at high speed, though not at 100 mph. 


Meruop FoR DETERMINATION OF WHIP STRESS 


The flexural or whip stresses which develop in the rod because 
of its inertia can be determined at any point in the rod and for 
any position in its motion cycle when the external bearing 
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MAIN 


ROD AT 100 MILES PER HOUR 


reactions and the distributed load due to its own inertia are 
known. 

The d’Alembert principle was used as illustrated in Fig. 7 
to determine the bearing reactions at twelve angular positions 
of the crank. The positions chosen were those which range 
through the are which contains the position of maximum stress, 
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Fic. 7 Beartna Reactions, D’ALEMBERT PRINCIPLE 
(Forces in pounds, couples in pound-feet.) 


both when the rod is above and below the engine axis. These 
crank positions were spaced 15 deg apart and symmetrically with 
respect to that axis. This figure shows the application of the 
components of the rod’s linear inertia at the mass center, the 
application of the angular-inertia torque for the mass-center axis, 
and the resulting reactions at the crank-pin and wrist-pin bear- 
ings when transformed into components which are parallel and 
perpendicular to the rod’s axis. 

In order to determine the manner of distribution of the axial- 
and transverse-inertia loads, beginning at the wrist-pin end of 
the rod the values of F,, F,, and T at seven points along the rod 
were determined for sections of the rod 1 in. in length. Using 
the first two of these values, the axial and transverse components 
of the l-in. sections were found. The former for use in finding 
the rod’s tensile effect upon itself, and the latter for determining 
the distribution of the transverse flexural load. The angular- 
inertia couples of the 1l-in. sections have cumulatively very 
little flexural effect, but to make the study complete they were 
determined and used. 

Fig. 8 shows the locations of the 1-in. sections for which the 
determinations were made, and gives the values as first obtained 
by the equations, and as transformed into components parallel 
and perpendicular to the rod’s axis for the 285-deg position. As 
the weight of the rod has a slight effect upon the external re- 
actions at the bearings, and also upon the distributed load, this 
was added to the inertia load, as it should be for rod positions 
below the engine axis. However, for rod positions above the 
axis the weight should be subtracted. And to that small extent 
the results which are correctly found for the lower positions are 
in error for those above. 

Using the transverse unit loads, the six diagrams of transverse- 
inertia load were determined, Fig. 9; with the axial unit loads 
the four diagrams of axial-inertia load, Fig. 10, were constructed; 
and with the angular unit torques or couples the six angular- 
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load diagrams of Fig. 11 were determined. The angular posi- ; 
tions called for on all of these diagrams refer to the angle @ in 
Fig. 10. 3 3 3° 
As already stated, the sections chosen for the unit-load deter- 
minations are shown in the various figures, and it should be - 300=6 0" 
noted that section e represents the mass-center position of the ? 
rod. Four points were chosen along the I-section body of the iq 8 ° 
rod, and three in the enlarged wrist-pin end. The load dis- 
tribution over the body of the rod is accurately represented by 
the diagrams, and the section loads of the wrist-pin end are 
also accurate. Still the diagram at the end is not accurate, ; 
since the outline of this part of the load is formed by connecting ‘ m ‘ 
with straight lines the points where the unit determinations are q ys . 
made. However, it seems to the author that the degree of : : ; : Ini) 
accuracy employed here is ample when consideration is given 
: 
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to the slight effect any further accuracy would have upon the 
results obtained. No determination of the inertia load of the 
crank-pin end of the rod was made, since this was not needed 
for finding the bending moments. 
Referring to the various illustrations thus far given, and 
' particularly to the diagrams of Fig. 9, it will be seen that the 
: bending moment at any section of the rod will result from the 
combined effect of the wrist-pin reaction which is transverse to 
the rod, the action of the distributed transverse load, and the 
small cumulative effect of the torques of the individual 1-in. 
sections which are exerted about their individual mass-center 
axes. 

In order to determine the magnitude of the transverse load 
from the rod end to the point of stress determination, the dia- 
gtam area was found by planimeter. The center of pressure of 

the distributed load was found by carefully tracing the diagram 
upon drawing paper, cutting this out, and balancing over a 
Ys knife-edge set perpendicular to the axis of the rod. When 
§: Sf balance was obtained, the line of balance was accurately and 
quickly located by smartly striking the balanced paper load over 

the knifeedge with a weight. 
| The method of finding the bending moment is illustrated as 
follows: It will be seen in Fig. 9 for the 255- and 105-deg posi- 
‘tions, that the transverse force at the wrist pin is 3264 lb up- 
pward. It is desired to find the bending moment at point f which 
» 102.5 in. from the wrist-pin center. The distributed load to 
this point is composed of a downward load which extends from 
Point f almost to the wrist-pin center, and a small double- 
Mrangular upward load extending from the end of the down- 
Mrd load to the rod end at point a. The downward load 
*Nounts to 9380 Ib, and its center of pressure is 33'/: in. to the 
Peht of section or point f. The small upward load amounts to 
760 lb, and its center of pressure is 104.8 in. to the right of section 
4 From Fig. 11 the cumulative angular-inertia torques of the 
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1-in. sections total to point f 1783 lb-in., and these act to augment 
the moment resulting from the external reaction force of 3264 lb. 
Then the bending moment at section f will be represented by the 
following equation 


M, = 3264 X 102.5 + 1783 + 160 XK 104.8 — 9380 X 33.5 = 
39,133 lb-in. 


After the bending moments at the various sections along the 
body of the rod for each of the six double-angular positions were 
found in this manner, the flexural or whip unit fiber stresses 
were obtained in the usual manner by multiplying each moment 
by the reciprocal of the corresponding section modulus. These 
values are plotted as ordinates for the six curves of Fig. 12. The 
maximum fiber stress and its position in the rod was then noted 
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Fie. 12 Dynamic FLEXURAL OR WuHip STRESS 
(Pounds per square inch.) 


for each of the angular positions by carefully drawing tangents 
to the tops of the curves. These maximum values were then 
plotted as the ordinates of the curve shown in Fig. 13. The 
maximum ordinate of Fig. 13 should represent the maximum 
unit flexural fiber stress developed in the rod and with some 
accuracy give the precise crank angle of its occurrence. 

It will be noted that the maximum flexural stress due to inertia 
for every angular position is to be found at about 60 in. from the 
wrist-pin center, that the maximum stress determined is 8500 
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psi at the 285- and 75-deg positions, and that this is very close 
to the maximum value as shown by the maximum curve of Fig. 
13. Also with the exception of the slight difference due to the 
weight of the rod which has already been mentioned, it is seen 
that with the engine running forward the fiber stress on the 
under side of the rod varies from a maximum compressive flexural 
unit stress of 8500 psi at the 75-deg position to a maximum 
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Fig. 18 Curve or Maximum Unit Wuip STREss 
(Pounds per square inch.) 


tensile flexural unit stress of like value at the 285-deg position, 
thus giving a movement of 150 deg as the least space for the 
reversal. 


THE CoMBINED TENSILE STRESS 


To determine the total tensile stress in the connecting rod, 
the tensile effect of the inertia of the fraction of the rod on the 
wrist-pin side of the stressed section, the tensile effect of the 
inertia of the reciprocating parts, the tensile effect of the steam 
force, and the tensile component of the normal guide reaction 
which is due to the inertia of the rod, all must be combined with 
that due to whip. 

A study of these elements seemed to show that the combined 
stress reaches a maximum within the angular space between 
300 and 360 deg. Therefore the rod-fraction axial-inertia 
diagrams of Fig. 10 for the angular positions 300, 315, 330, and 
360 deg were constructed from the axial-inertia-force com- 
ponents of the 1-in. sections previously described. This element 
of the total force at any section is represented by the diagram 
area extending to that section. The tensile effect due to the 
inertia of the reciprocating mass was found by the use of the 
values of Fig. 5, the tensile effect of the steam force was obtained 
from Fig. 6, and the tensile effect of the rod-inertia reaction at 
the guides from the values as illustrated in Fig. 7. The tensile 
stress due to these forces was then combined with that due to 
whip for the four angles given, and the unit stresses resulting 
from the combination are shown by the curves of Fig. 14. 

Examination of Fig. 14 shows that the combined stress reaches 
a maximum of about 13,650 psi at the crank positions of 45 and 
315 deg, and at a distance approximately 61 in. from the wrist- 
pin center. However, for this value to hold for the 315-deg 
position, the engine would have to be in reverse, since for forward 
running the steam force would act to place the rod in compression. 
But though the position of the steam force with respect to the 
sides of the piston varies with the direction of rotation for any 
specified angular movement of the crank, thus causing either 
tension or compression in the connecting rod, the inertia forces 
do not thus vary. Irrespective of the direction of rotation, the 
horizontal-inertia effect of the connecting rod and reciprocating 
masses during the major part of the cylinder-side half of the 
revolution of the crank is to subject the connecting rod to 
tensile stress. For during the completion of most of the half 
of the stroke which ends at the forward dead center these masses 
are being decelerated, and throughout the first part of the 
succeeding stroke they are being accelerated. The force for 
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this alternating acceleration and deceleration must be supplied 
at the crank pin, when not supplied by the fluid pressure. 

In Fig. 15, the maximum values of the combined stress for the 
four angular positions are plotted as ordinates for a curve of 
maximum combined unit stress. And here again it appears that 
at about the 45- and 315-deg positions the combined stress is 
a maximum. Also it should be noted that the combined stress 
occurs not far from the point in the rod where the whip stress 
is maximum. 

For the 360-deg position the combined stress was determined 
for the conditions “steam on” and “steam off with no compres- 
sion” as shown for that position in Fig. 15. The values obtained 
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are 5400 psi when operating with steam on, and 10,950 psi ™" 
steam off. The latter condition occurs when the locomotive 
drifting with cylinder cocks open. 


CONCLUSION 


The results of the study seem to show that for 100 mph 
maximum whip stress that can be expected in a conventio™ 
I-section locomotive main rod is of the order of 8500 psi, & 
that the maximum combined tensile stress will be of the orde"’ 
14,000 psi. 

As the elastic limit of the usual carbon steel of which °— 
rods are made is about 48,000 psi, the factor of safety with 
as base is about 3.5. If 3'/2 per cent nickel steel of the same * 
bon content were used for the rod material, the elastic limit 
be about 60,000 psi and the factor of safety with this as ™* 
would be 4.38. 
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Appendix 


DERIVATION OF THE EQUATIONS FOR ForcES AND TORQUES 
GIVEN IN THE PAPER 


In addition to the notation given in Fig. 1b and the paper 
the following symbols are used: 


Subscripts h and v refer to components in the plane of motion 
parallel and perpendicular, respectively, to the line of 
reciprocation 

displacement of any point n of the connecting-rod axis 
from its dead-center position, ft 

linear velocity of any point n, ft 


w = angular velocity of the crank, radians per sec 
a = linear acceleration of any point n, ft/sec? 
a = angular displacement of connecting rod from dead 


center, radians 
w, = angular velocity of connecting rod, radians per sec 
¢ = angular acceleration of connecting rod, radians/sec? 


The horizontal displacement of any point n of the connecting- 
rod axis from its dead-center position is 


s, = 
where A = (R? — C? sin? @)'* 


(b/R)A 


C cos 6 
8, = C + b— C cos 0 — (b/R)(R? — C? sin? @)' [6] 
The horizontal component of the linear velocity of n is 

ds 10 b 


= = C sin + 


C? sin 6 cos 6 dé 
R (R? — C? sin? 6)'/? dt 


Since d0/dt = w = 
crank-pin center 


V/C where V is the linear velocity of the 


Cb _Sin cos 0 
R (R? — (2 sin? 6)! 


The horizontal component of linear acceleration of n is 


V {sino + 


) 10 
Cb | (R? — C? sin? 6)' *(cos? 6 — sin? 6) (d0/dt) 
R R? — C? sin? 6 


(sin 6 cos 6) (R? — C? sin? @)~'/*(C? sin cos @) (d0/dt) \ 
R? — C? sin? 0 


V2 Cb cos? @ — sin? 6 
1089+ — Cr sin?) 
C? sin? @ cos? 6 


Multiplying the expression in braces by C, dividing the term 


wh outside by C, and substituting from Fig. 1b gives 


b /B? HB? 
y2 b + H?) — 
b 


» The horizontal force necessary for the acceleration of a mass 
n is 


Ww Wv? B+ b H? 
A g gC? R A3 A 


The vertical displacement of any point n is 


| 


= Csindé—bsina 
(C/R) sin 6 
C sin 6 — (bC/R) sin @ 


5 
R 
ll 


ll 


The vertical component of linear velocity of n is 


b dé 
= (: cos = cos 6. . [10] 


The vertical component of linear acceleration of n is 


y2 b v2 b 
( sin H ( 5) {11) 


The vertical component of the force necessary for the accelera- 
tion of a mass at n is 


W wr? b\ |* 


The angular velocity of the connecting rod is 


_ da d{sin-{(C/R) sin 


dt dt 
cos 6 dé 
o) 
wC cos 6 
WR = 


The angular acceleration of the connecting rod is 


_ dag | ain 


1 — (C*/R2) sin? 
C C2 d6 
+ cose] 1—(Saine ) | (© sin 0) 
1 — (C?/R?) sin? @ 
— sin 6 C%(sin @ cos? 6) 


+ 
2 3/2 


— 
= —w(A*H — B*H)/A* = — w(H/A9(A? — BY) 
@ = — w(H/A)(R* — C4............. [13] 


The torque for the angular acceleration of a mass with a 
moment of inertia J about its axis of rotation is 


T = = —Iw*(H/A)(R* — C2) 
T = — — C4*............ [5] 


* The minus sign indicates that the acceleration is in a direction 
opposite to that chosen for displacement. 
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Viscosity of Coal-Ash Slags 


By P. NICHOLLS,? ano W. T. REID,? PITTSBURGH, PA. 


This paper describes a viscometer for measuring the 
viscosity of coal-ash slag up to temperatures of 2900 F. 
The investigations disclose that slags in only a relatively 
small portion of the field of compositions of coal ash have 
the melting characteristics of glasses and that, for most 
compositions, there is a distinct liquidus point. From the 
limited data available for this progress report, plots for 
viscosity are given for 2800, 2600, 2400, and 2200 F, as well as 
showing the liquidus lines for each temperature. The 
relation between ‘“‘flow temperature,’’ as determined in 
earlier investigations for use with slag-tap furnaces, and 
viscosity and liquidus temperature is derived. 

When complete trilinear diagrams are available, ac- 
curate predictions can be made on the effect of mixing the 
ash of two coals or of the addition of the main constituents. 
The authors emphasize that predictions of the relative 

_ fusion and clinkering characteristics of coals from the 
softening temperatures of their ashes may give erroneous 
comparisons, but that the initial and fluid temperatures 
can be some additional guide. 


INTRODUCTION 


HIS REPORT is a continuation of those previously pre- 
jie to the Society on results of investigations on coal-ash 
slags and their propérties. The last three reports were based 
on work done in cooperation with an A.S.M.E. Special Re- 
search Committee on Removal of Ash as Molten Slag From 
_ Powdered-Coal Furnaces and, although the committee has been 
_ disbanded, this may be considered as a final report for it. The 
' previous reports covered three phases of the general investiga- 
' tions: (1) Studies‘ at one of the first plants using a wet-bottom 
' furnace, the object being to determine the factors involved in 
» this then new method; (2) studies to determine the possibility of 
| adding materials to the slag in a furnace, or to the coal itself, 
' which would flux the slag and permit of its being tapped if it were 
_ too refractory to be molten at the temperature of the bed; (3) 
_ studies** to determine the relation between the temperature at 
_ Which slags would tap with equal ease and their chemical compo- 
sition under oxidizing and under reducing conditions. 
These investigations necessitated some method of measuring 


: _) Published by permission of the Director, Bureau of Mines, 
United States Department of the Interior. 

_ *Supervising Fuel Engineer, Bureau of Mines, Central Experi- 
ment Station. 
% ‘ * Associate Fuel Engineer, Bureau of Mines, Central Experiment 
Station. 

_ _ ‘Study of Some Factors in Removal of Ash as Molten Slag From 
_ Powdered-Coal Furnaces,” by Ralph A. Sherman, P. Nicholls, and 
" Edmund Taylor, Trans. A.S.M.E., vol. 51, 1929, paper FSP-51-51, 
> pp. 399-413, 

s ‘“Fluxing of Ashes and Slags as Related to the Slagging-Type 
i Furnace,” by P. Nicholls and W. T. Reid, Trans. A.S.M.E., vol. 54. 
» Paper RP-54-9, 1932, pp. 167-190. 

| _.‘“Slags From Slag-Tap Furnaces and Their Properties,”’ by P. 
© Nicholls and W. T. Reid, Trans. A.S.M.E., vol. 56, 1934, paper 
RP-56-3, pp. 447-465. 

> Contributed by the Fuels Division and presented at the Joint 
) Meeting, Columbus, O., October 5-7, 1939, of the Coal Division of 
yi The American Institute of Mining and Metallurgical Engineers and 
# the Fuels Division of THe AMERICAN SocreTY OF MECHANICAL 
“NGINEERS. 
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the fluidity of the slags and, in particular, of determining the tem- 
peratures at which they could be tapped with a relatively similar 
degree of ease. The straightforward procedure would have been 
to adopt some method for determining absolute viscosities against 
temperature. However, at that time no method was developed 
to study slag associated with other processes, such as steelmaking or 
glassmaking, that could be used safely for coal ashes with assur- 
ance of its suitability, nor were existing methods appropriate for 
control of the atmosphere from oxidizing to reducing. Thus, it 
appeared that the development of some new or modified method 
would be necessary if absolute viscosities were to be determined. 
It was predictable that such a development would require a long 
time and the output of determinations would be slow. There- 
fore, it was not allowable to follow this procedure, because some 
general information on the properties of slags as related to 
slag-tap furnaces was required in the shortest possible time. 

The solution adopted was to obtain relative measures of the 
fluidity of the slags by a method of “‘feel;” the slag being melted 
in a crucible and using a platinum rod. Three degrees of melting 
were standardized and indicated by the temperatures at which 
they oceur: 


1 The sticky temperature, which is the lowest at which slag 
on the end of the rod will stick to the slag in the crucible. 

2 The penetration temperature, which is the lowest tempera- 
ture at which the rod will penetrate the slag with a pressure of ap- 
proximately 6 oz. 

3 The flow temperature, which is that at which the rod can be 
moved through the molten slag and give indications of the same 
degree of fluidity. 


Although such measurements would not be expected to be 
exact to a high degree, experience showed that different ob- 
servers could duplicate each other; great exactness not being 
necessary, because the composition of the slag that occurs at any 
one station from day to day and the temperature conditions are 
not accurately predictable. 

By this method, the entire field of compositions of coal ashes 
was covered and the data for relationship of flow temperature to 
composition were shown in previous studies’ for melts in an at- 
mosphere of air and for melts under furnace conditions. 

Although these results sufficed for immediate requirements, 
it was realized that the data had only limited application and that 
a knowledge of the absolute viscosities of coal-ash slags was re- 
quired. For many years much has been imagined and written as 
to the meaning of standard cone-fusion temperatures, but the only 
way to settle the matter is by knowing the viscosities. The same 
applies to clinkering and to slagging of surfaces. Also, the 
flow temperature only indicates the temperature required for a 
certain ease of tapping and of itself does not show the change in 
fluidity of the slag above and below the flow temperature. 

It was therefore decided to extend the investigation to the de- 
termination of viscosities of slags as related to their chemical 
compositions. The difficulties and time required were under- 
stood, but the experience and the knowledge of the behavior of 
the slags, acquired in the earlier work, would be of great help. 
Preliminary studies of methods were begun in October, 1937, 
but the development and construction of the furnace and vis- 
cometer were not completed until May, 1938. 


7 Reference (5), Fig. 7. 
8 Reference (6), Figs. 2 and 3. 
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The preparation for and completion of a test requires a mini- 
mum of 2 days, so relatively few have been made to date, as 
compared with those required to cover the five main constituents 
of coal ash. However, the tests have been spread over the field 
and throw enough light on relationship, upon which knowledge is 
required, to justify a progress report. 

The main object of this paper is to suggest and discuss general 
conclusions. Many more tests will be required to obtain a com- 
plete set of numerical values of viscosity against chemical com- 
position. 


oF METHOD 


The type of viscometer and design of furnace to be used were 
considered carefully and some experiments were made. The re- 
quirements were (1) that the maximum temperature at which the 
slag could be held should be not less than 2900 F; (2) that it 
should be possible to control the atmosphere to which the slag is 
exposed; (3) that the quantity of slag required for a test 
should not be excessive, because of the time required to prepare 
it and to melt it in the crucible; (4) crucibles of suitable size and 
cost. Coal-ash slags high in fluxes are very corrosive. They 
destroy and are contaminated by ceramic crucibles, which can 
be used with safety with other slags; also, when the iron is highly 
reduced or metallic iron is present, they are destructive to plati- 
num. Consequently, the size of crucibles necessary and their 
cost were important factors. 

An argument on methods and a discussion of the literature on 
viscosity measurement are not included; most work on viscosity 
at high temperatures has related to glasses and is well summarized 
by Morey.® The method adopted was that of the oscillating bob. 
Its principle is that a bob suspended in the slag by a torsion wire 
is made to oscillate and the damping of this oscillation by the 
slag is measured. Viscosity is a function of damping, of the 
dimensions of the bob and the containing vessel, of the inertia of 
the rotating system, and of the torsion of the suspension. This 
method was adopted because it could cover a large range of vis- 
cosities from 1 to 108 poises and would allow the furnace to be 
sealed at the bottom, which is necessary for the control of the 
atmosphere. It has the disadvantage that the friction factor, as 
dependent upon the shape of the bob, cannot be computed ac- 
curately enough and, therefore, must be determined by calibration 
with liquids of known viscosity. 

Recent researchers who have used the oscillating-bob method 
are Dantuma™ and Endell''-!* and his co-workers. Dantuma 
did not require a temperature higher than 1000 F and he devel- 
oped very exact methods, including a photographic record of the 
oscillations. Acknowledgment is made of the suggestions ob- 
tained from these publications. 

A description of the apparatus as constructed, its calibration, 
and some troubles encountered are given as an Appendix. Ac- 
curate determinations of viscosity over the entire range are made 
possible by (a) the use of two suspensions, one above the other, so 
that the change from one to a combination of both can be made 
by aclamping arrangement; (b) by two additive weights, whereby 
the moment of inertia of the system can be controlled; and (c) by 


Properties of Glass,’’ by G. W. Morey, American Chemical 
Society Monograph, Reinhold Publishing Corp., New York, N. Y., 
1938, chapter 5. 

10 “*The Exact Determination of the Coefficient of Internal Fric- 
tion of Metallic Salts,’’ by R. S. Dantuma, Zeit. anorganische allge- 
meine Chemie, vol. 175, 1928, pp. 1-42. 

11“The Dependence of Viscosity on the Temperature in the 
System NazO-SiO:2,”’ by G. Heidtkamp and K. Endell, Glastechnische 
Berichte, vol. 14, 1936, pp. 89-103. 

12 “Concerning the Fluidity of Calcium Silicates, Calcium Ferrites, 
and Basic Siemens-Martin Slags up to 1625 C,”’ by K. Endell, G. 
Heidtkamp, and L. Hax, Archiv fiir das Eisenhuttenwesen, vol. 10, 
Sept., 1936, pp. 1-6. 
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changing from damped harmonic motion to damped aperiodic 


motion for viscosities higher than 100 poises. “a 
or Tests nesi 
Values for viscosity will be given in the absolute measure of an 
egs units, or poises. Some idea of the fluidities corresponding nell 
to a range of values in poises is shown by: 15 1 
SALE. 10 motor olf poles 
Whe 
There is no commonly used liquid having a viscosity of 100 Sane 
poises at normal temperature. viees 
Most of the data will be shown as plots of viscosity against tod 
temperature and, because the range of values of viscosities is so pn 
large, the scale of log viscosity will be used. 50 d 
Most of the tests to date have been of melts in air, but enough had | 
have been under reducing conditions to show the effect of reduc- the 1 
tion of the iron oxides. The term “ferric percentage’ was intro- Th 
duced in the previous reports as a numerical value to express the con 
state of oxidation of the iron in the slags; it is the ratio of the The 
ferric iron to the total iron expressed as a percentage, and is given rome 
by poise 
Ferri tage = see x 100 
+ 1.11 FeO + 1.48 Fe 
MELTING oF TypicaL Coat-Asu SLAaGs 
All these tests are concerned with the melting and properties 
of slags, as distinct from the first melting of the heterogeneow 
mixture of materials of which a coal ash is composed. Therefore, 
in all tests, the first procedure is to obtain a complete melting 0 
the charge before any readings are taken. Thus, all reading 
begin at what is usually the highest temperature that will be used. 
A short discussion at this point of the melting of slags wil 
facilitate understanding the data for those who are not familis F- 
with the subject. Slags in general are of two types: (1) Thow F- | 
that, as they are cooled slowly, maintain their glassy, uniform | 
state and do not form any crystalline particles, and (2) those it 
which crystals of some definite composition begin to form at som f : 
temperature during cooling. The temperature at which crystal 
begin to form is called the liquidus temperature. This tempers F- 
ture has a definite value if cooling is slow enough, but it may = f- 
quire maintenance at each temperature for many hours to obtail F 
a definite value, because the initial formation of crystals may & i 
slow. However, as the temperature is lowered below the tr 4 
liquidus value, the speed of crystallization increases. Similar! j 
it requires time for the crystals to redissolve in the slag, if tf 
temperature is raised only slightly above that of the liquidu F- 
solution is more rapid as the increase in temperature above ti! F- 
of the liquidus becomes greater. This action is simple when! 
melt has only two components but is complex when there 
many, as in a coal-ash slag; one kind of crystal may begin to fom fF —— 
at one temperature and, at lower temperatures, other type 'F : 
crystals may appear. The term “solid phase” is more general! 
its meaning than is crystals. to that 
If no solid phase exists, the melt will be a true fluid and willg"F) woulg p 
true values for viscosity. If solid particles are present, they B In thj 
increase the internal friction materially and the substance will" B, or 
act as a true fluid. Its properties will tend to be more those” should | 
plastic substance as the quantity of solid phase increases. !7 high, be. 
requires time for solid phase to form, and it may take longer 0" above jt 
to redissolve. For example, in a high-alumina slag, crysts! and that 
corundum were formed that did not redissolve. Thus, meas * many te: 
of “apparent viscosity,” obtained at a temperature below "> point 4 | 
liquidus, will vary with time; this variation being greater fF insure ¢}, 
crystals tend to interlock or to fuse together. i act as “s, 
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Fig. 1 shows the test data of a typical slag having a silica-to-flux 
ratio of 1.36, and a total flux content (iron oxides, lime, and mag- 
nesia) of 32.3 per cent. The slag was melted and the first meas- 
urement of viscosity was 2765 F, the value being 10 poises. 
The slag was then cooled in steps by setting the temperature con- 
troller to the lower temperature required; sufficient time, usually 
15 min, being allowed to elapse to insure constancy before the 
viscosity determination is made. The points are plotted as the 
test proceeds and the round dots are those of this cooling cycle. 
When the temperature of 2225 F of point A was reached, it was 
found that, if the slag was maintained at that temperature, the 
viscosity increased with time. The actual procedure now used 
to determine point A more exactly is that, after cooling 100 deg, 
for example, and determining the viscosity, the slag is then heated 
50 deg and another determination made. If the liquidus range 
had been reached, this last viscosity would lie above the plot of 
the values previously determined. 

The slag was kept at the temperature of point A, gradually be- 
coming more viscous. After 40 min, the bob was immovable. 
The temperature was then increased to 2280 F, but the bob still 
remained immovable. At 2310 F an apparent viscosity of 350 
poises was obtained and, at 2325 F, the viscosity was nearly down 
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to that of the cooling curve. If enough time had been allowed, it 
would probably have given the value of the curve. 

In this test the liquidus region was in evidence in a range A to 
) 5, or 100 deg; there is some question as to what temperature 
) should be designated as the liquidus. That of point A is too 
high, because the viscosity changed from that of A to the point 
above it in 5 min; it is probable that the slag was supercooled 
and that the movement of the bob started crystallization. In 
many tests a retrial is made to determine a new temperature for 
» Point A by reheating the slag; the reheating must be thorough to 
» ‘Nsure that all the crystals are recombined in the slag, or they will 
4 act as “seeding” and raise the temperature of the liquidus. 
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Coat-AsH SLAG 


In this type of test there must be some question as to the true 
value of the liquidus temperature. For this slag it was recorded 
as 2300 F. 

The solid lines of Fig. 2 show the test data of a melt in air of a 
slag having a silica-to-flux ratio of 0.91, 34.1 per cent equivalent 
ferric oxide and 10.4 per cent lime plus magnesia. This repre- 
sents a slag from the Illinois field and is an example of a narrow 
liquidus range; that is, a sharp melting point. The liquidus 
temperature was 2550 F, and its viscosity just above the liquidus 
temperature was 9 poises, as compared with 100 poises of the slag 
of Fig. 1. 

Fig. 3 is a melt in air of a glassy slag having a silica-to-flux 
ratio of 2.47; equivalent ferric oxide, 12.9 per cent; and lime 
plus magnesia, 10.1 percent. Its viscosities are higher than the 


previous slags, being about 100 poises at 2760 F and 40,000 at 
2020 F. 
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The agreement of the points of the cooling and heating cycles Fig. 5 shows the viscosity and liquidus temperatures in air and 
shows the absence of solid phase. Having reached 40,000 poises in nitrogen of a low-iron slag with 13.3 per cent equivalent 200) 
at 2020 F, no solid phase would be expected to form at lower Fe.0;; the ferric percentage in air was 32 and in nitrogen 18 
temperatures, but such a statement is limited to the conditions of | The curve for the melt in nitrogen lies above the other, but paral: 
this test with the relatively rapid cooling, because there might be lel to it. From the test data, as shown on the plot, the liquidu aot 
crystallization if the cooling were slow enough. However, such temperature for the melt in air is 30 deg lower than that for th: col 
a possibility has no importance because the cooling of slags and melt in nitrogen. The percentage difference in viscosity betwee: f 
clinker in practice is always relatively rapid. the two curves is greater than in other tests. 

Fig. 6 shows the data for a slag having a medium iron cor 
tent of 19.8 per cent equivalent Fe,O;. The figure is rathe 
crowded because it shows three tests. The test for the melt it 

Although most of the tests were made in air, with a resulting air is shown by the short curve; the ferric percentage was 5 
high ferric percentage, enough were made in nitrogen, using pre- The liquidus range of A is not wide and the liquidus temperatux} 
viously reduced slags, to show the effect of a low ferric percentage is about 2530 F. 


Errect or Ferric PERCENTAGE ON Viscosity AND Liquipus 
TEMPERATURE 


(that is, high percentage of ferrous iron) on the viscosity andthe —_ 2,00 , Fic. 6 
liquidus temperature. The object of using the neutral atmos- | = y ann L 
phere of nitrogen is to prevent a slag that already has been re- iiee poe a fale | 
duced to a low ferric percentage from being oxidized during the 1,000 wa —_ iol 
test. 800 — 
The effect of ferric percentage on the flow temperature was 600 ——~ ego 
determined in the earlier investigations. Further tests were ; ! —— in oa 
made after the last report, and Fig. 4 includes all results; the re- 400 ; —+— j Fig 
lationships it shows are important. $0, $22 \ | _ 
The heavy dots give the compositions of the slags tested. The 2 ome te | i the ay 
curve beginning at a heavy dot gives the change in flow tempera- 200 
ture with increase of ferric percentage. The coordinates and 4 23 | ithe 
scales for these curves are shown in the inset; a tracing can be : 1000 * , i 
made of this inset and it can be pleced over a curve so that the 100 mera —— = i T The 
heavy dots coincide, but this is not necessary. 
The ferric percentage for melts in air are shown by crosses and, 60 st ions 
because no melts were made in oxygen, they are the highest ferric , ~~ Bithe fer 
percentages obtained. Hsimple 
Fig. 4 shows that changes in the flow temperature are de- 
pendent upon the iron content and that changes in the lime con- LEGEND j 1 T 
tent have little effect. Up to 12-per cent equivalent Fe,0s, the crease 
ferric percentage has little effect on the flow temperature. With per cent 
higher ferric percentages, the flow temperature increases with in- “ “2 2T 
crease in ferric percentage. The order of these increases for 2,200 2,300 2,400 2,500 2,600 2,700 7800S decrease 
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There were two tests in nitrogen and the test points of both fall 
on the upper curve. With one the slag had a ferric percentage 
of 30; the test points are shown by circles. The liquidus range 
is short and the liquidus temperature is about 2410 F, a decrease 
of 120 deg from that of air. 

In the second test in nitrogen the ferric percentage was 13. 
The test points are shown by crosses and range the full length of 
the curve. The liquidus range is not shown in the same manner 
as for the other tests; in this test the solid phase did not begin to 
separate until the viscosity was over 1000 poises, probably at 
1600 poises, at a temperature of 2150 F. The time required for 
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crystals to form will be greater as the slag is more viscous, and the 
weight of erystals formed in a given time will be less than if the 
‘slag is more fluid. Therefore, there was not the abrupt increase 
: in viscosity that occurred in the other tests at A and B. 
’ Fig. 6 also illustrates the effects of decrease in the ferric per- 
)centage. The viscosity is changed only a little, and the shape of 
} the viscosity curve for the reduced slag is similar to that for the 
joxidized. As the ferric percentage was decreased from 56 in air, 
sthe liquidus region was moved to a lower temperature—to B for 
t ferric percentage of 30 and to C for a ferric percentage of 13. 
} The positions of flow temperature in air and for 10 ferric per- 
centage are shown but will be discussed later. 
) From Figs. 5 and 6 and from other tests, the effects of lowering 
‘the ferric percentage from that of air are shown to be relatively 
simple and are summarized as follows: 


| The shape of the viscosity curve is not changed by a de- 
crease in ferric percentage, but the entire curve is 1 aised about 20 
per cent (on the viscosity basis) above that for the melt in air. 


2 The main effect of lowering the ferric percentage is that it 


fecreases the liquidus temperature. 


3 There is little change in the liquidus temperature with 
Pehange in ferric percentage for slags having an equivalent FeO; 
ontent of 12 per cent and lower. As the iron content increases, 
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the change in the liquidus also increases, but the exact amounts 
have not yet been determined for the entire range of coal ashes. 


At this time no tests in nitrogen have been made of high-iron 
slags because of difficulty in obtaining a crucible that will with- 
stand their erosion, but the nature of the results can be predicted 
closely. This has been done in Fig. 2 for a slag with 34 per cent 
equivalent Fe.O;. The predicted form for a slag having a ferric 
percentage of 10 is shown by dotted lines. With this slag, the 
flow temperature in air is 2550 F, and for 10 ferric percentage it is 
2090 F. The dotted curve has a viscosity of 90 poises at 2090 F; 
from Fig. 4 it can be deduced that the liquidus temperature of 
this slag would be about 2050 F. 


GENERAL RELATIONSHIP OF VISCOSITY TO CHEMICAL CoMPOSI- 
TION 


The major components of coal-ash slags that may affect the 
viscosity are silica, alumina, iron oxide and its ferric percentage, 
lime, and magnesia. The effect of ferric percentage is now 
known. Previous reports have shown that lime and magnesia can 
be taken as one factor for the flow temperature when the percent- 
age of magnesia is small, which it generally is. 

Plots were made to determine whether there were other rela- 
tionships by which the number of factors could be reduced fur- 
ther. They showed for slags entirely in the liquid phase (a) that 
if (equivalent Fe,0; + CaO + MgO) were taken as one factor, 
the plots were little affected by the ratio of Fe,O; to (CaO + 
MgO), but only by their sum; (b) that if the alumina were elimi- 
nated and the composition reduced to SiO, + equivalent FexO; + 
(CaO + MgO) = 100, the plots were closely independent of the 
ratio of silica to alumina within the limits of 1.5 to 3. 

Fig. 7 shows that these assumptions are justified as a first ap- 
proximation. It is a plot for 2600 F of log viscosity against 
silica when the composition is expressed in the form just given, 
which omits the alumina from the plot. A few points are marked 
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to show that the plot includes points having a silica-alumina 
ratio of 1 and 4, and iron-lime ratios of 0.25 to 10.7, and yet the 
points are within a relatively narrow band. The plot shows that 
log viscosity tends to be proportional to the silica percentage 
when the alumina is eliminated from the method of plotting, 
although it is present in the slag. 

The reasons for the departure of some of the points from the 
mean curve have not been determined; no investigation has been 
made as yet on the separate effects on viscosity of magnesia or the 
alkalies. However, the points conform nearly enough to a com- 
mon line to justify making plots on the silica-iron-lime-plus-mag- 
nesia basis, because then the first order of relationship of vis- 
cosity to composition can be shown by a few diagrams, whereas 
many would be required if another variable were included. 

Fig. 8 shows trilinear plots of viscosity against composition on 
the basis that SiO, + equivalent Fe,O; + (CaO + MgO) = 100. 
There are four diagrams for temperatures of 2800, 2600, 2400, and 
2200 F; the areas for 0 to 20 per cent silica are omitted. The 
diagram for 2800 F shows an area within the dotted lines that can 
be taken as the field of composition of normal coal-ash slags, 
although some may be found to fall outside this area. 

Each plot shows the lines of equal viscosity for the range of 
compositions that are liquids without solid phase at the specified 
temperature. 

Plottings showed that the liquidus temperature is not inde- 
pendent either of the silica-alumina or the iron-oxide-lime-plus- 
magnesia ratios; consequently, a separate set of trilinear diagrams 
is required for each of several narrow ranges of silica-alumina ra- 
tios. A large number of tests will be required to obtain sufficient 
data. From the limited number of tests already made, the 


ratios of 2.0 to 2.3 
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AB is the boundary fixing this area for 
melts made in air, and AC for melts of 
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of 10. Lines AB and AC for SiO2 to Al203 
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liquidus values for a silica-alumina ratio of 2.0 to 2.3 were deter- 
mined, and lines A-B follow the compositions of such slags, the 
liquidus temperature of which melted in air is that of the dia- 
gram, 2600 F, for example. 

Lines A-C are for slags of 10 ferric percentage and are deduced 
from other data, but if the plots are to represent such reduced 
slags the isoviscosity lines should be extended to A-C. 

No liquidus line is shown in the 2800-deg plot because the 
liquidus temperature of all slags tested was below 2800 F, al- 
though it is probable that there would be a separation of solid 
phase for compositions very high in silica or lime. 

As the temperature decreases, the area inclosed by the liquidus 
lines decreases; that is, the slags that will be liquid at that tem- 
perature are reduced to a smaller range of compositions. 

There is no claim that these diagrams have a high order of ac- 
curacy, especially for the position of the liquidus lines for the 10 
ferric percentage. The effects of the minor chemical constituents 
are not known, nor have there been enough tests of the main con- 
stituents. On the other hand, it is safe to use the plots for gen- 
eral information to determine whether a slag of a stated com- 
position will be liquid at one of the temperatures and what will 
be its approximate viscosity. The procedure is first to eliminate 
the alumina, thus: 


Composition 
of slag per cent 


47 47 + 0.77 = 61.0 
Equiv Fe:Os........ 25 25 = 31.5 
CaO + MgO... 5 ‘5 = 7.5 
77 100.0 


The point on the 2400-F diagram that corresponds to the com- 


Fic. 8 Viscostry-ComposiTion D1aGrams or Coat-AsH Sitacs MELTED IN AIR 


(Plots give the composition of the slags with the AlzOz: omitted and on the basis of SiO: + equiv Fe:0: + CaO + MgO = 100 per cent; tests indiesi# 
that the viscosity of slags is approxmately samngontens ad the a content _ — 1:03 ratios of 1.5 to 3.0; alkalies not more than 
.5 per cent of original slag. 
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position of the last column in the foregoing table is at the inter- 
section of the 100-poise line with the line A-B. A slag will tap 
easily at 100 poises, but if this slag had a high ferric percentage, 
corresponding to the melt in air, it would give trouble in tapping 
because it is on the liquidus line. However, slags from furnaces 
have a low ferric percentage, and because the point is not near the 
line A-C, this slag would tap at 2400 F. 


Mean-Viscosiry CurvVE 


The plot of Fig. 9 has been made by superimposing the in- 
dividual curves of a number of tests. The principle used was 
that each curve must keep ?’ ~~eet, position on the viscosity 
scale but can be moved parallel to une temperature scale, so that 
separate curves make the best matching. The arrowed lines dis- 
tinguish the different curves by test number. The temperature 
scale represents temperature differences and not actual tempera- 
tures. Assuming that a mean curve were drawn, then tangents 
to that curve would be rate of change of log viscosity with tem- 
perature. The values for the slopes are the chief interest of this 
plot and the deductions from them are: 


(a) The rate of change of viscosity with temperature of coal- 
ash slags depends mainly upon the viscosity and not upon the 
temperature, 

(b) The rate of change of viscosity increases with increase in 
viscosity. 

The object of including this figure is that it fixes a mental pic- 
ture of relationships. Expressed numerically, the increase of the 
rate of change of viscosity with increase in viscosity is very large, 
as is shown by the following approximate values: 


at 1 poise, rate of change of viscosity per 100 F = 0.28 poise 
at 10 poises, rate of change of viscosity per 100 F = poises 
at 100 poises, rate of change of viscosity per 100 F = 58 poises 
at 1000 poises, rate of change of viscosity per 100 F = 850 poises 


RELATION OF FLow TEMPERATURE TO VISCOSITY 


Some of the slags used for viscosity determinations were iden- 
tical with those used in the earlier investigation and, for those 
slags, the flow temperature is shown on the diagrams. Data on 
other slags were as follows: 


Viscosity at flow 


temperature, Liquidus 


Flow temperature, F poises temperature, F 
2550 9 2550 
2350 16 2300 
2580 20 2550 
2685 78 2280 
2730 80 2700 
2390 80 2150 
2570 85 2500 
2560 90 2200 
2500 120 2400 

+2730 (100) 2760 


The deductions on the relation of the flow temperature, deter- 
mined by the feel method, to viscosity and the liquidus limita- 
tions are: 

(2) Normally the flow temperature corresponds to a viscosity 
of about 80 poises (see values for air in Fig. 6). 

(b) The flow temperature cannot be less than the liquidus tem- 
perature. Thus, if the viscosity at the liquidus is less than 80 
poises, the viscosity at the flow temperature will also be below 
80 poises. In Fig. 2, the viscosity at the flow temperature for 
melts in air was 9 poises. The observer could get very close 
values for flow temperature in a slag like this, because the melting 
range of slags high in iron is very short and the slag changes from 
Plastic to liquid in the range of a few degrees. 

(c) If the slag acted like a glass and had no liquidus point, or 
if the liquidus occurred at a viscosity much above 80 poises, the 
reaction of the observer was to decide on a value for the flow tem- 
perature when the slag had a viscosity greater than 80_poises. 


VISCOSITY, POISES 
8 


100 200 300 400 500 
Temperature scale, *F. 


TEMPERATURE 


Fic. 9 Curves or Log-Viscosiry SUPERIMPOSED BY SHIFTING OF 
THE TEMPERATURE SCALE 


The flow temperature for a ferric percentage of 10 in Fig. 6 is an 
illustration. 

In the investigation on flow temperatures, the aim was to fix 
its values so that different slags would tap with the same relative 
ease. This aim was fulfilled, even though the viscosities at the 
flow temperature are not all alike. Types of slags covered by 
item (b) will flow faster because of their low viscosities; to offset 
this advantage, they will solidify with a small decrease in tem- 
perature and thus form “‘pipes’’ of slag, which clog the holes and 
decrease the flow. Slags covered by item (c) will flow more 
slowly because of higher viscosity but will be less hampered by 
rapid solidification and the clogging of the hole. 


AsH-CoNE TEMPERATURES AND VISCOSITY 


In the A.S.T.M. cone test for the fusibility of coal ash, the 
measure of the fusibility of the finely pulverized ash is the tem- 
perature at which the cone deforms to specified shapes when the 
temperature is raised at a specified rate, these shapes being ap- 
proximately spherical for the softening temperature and spreading 
to a flat layer for the fluid temperature. The factors that fix the 
shape the cone will take are: 


1 The time-temperature history which, by specification, is 
that the rate of rise of temperature be a definite and constant 
value. 

2 The states of fluidity of the ash, which are the properties 
that the cone temperatures are intended to measure. 

3 Density of the slag, which will be approximately the same 
for all slags. 

4 The surface tension of the slag. There are no published 
data on coal-ash slag. The surface tensions of molten glasses'® 
range from 250 to 350 dynes per cm at 2200 F; they decrease 
slowly with increase in temperature. For comparison, at 68 F 
and against air, the surface tension of water is 72.7 and mercury 
465 dynes per cm. 

5 As applying more to the fluid temperature, the absorption 
of the slag by or its reaction with the base. These can be impor- 
tant factors. 

The shaping of the cone at different temperatures is a complex 
function of these factors. The procedure of recording the height 
of the cone is more definite than is shaping, as is also the Bunte- 
Baum method" used for obtaining a graphical record of height 


13 Reference (9), chapter 7 (footnote 7). 
14“*The Significance of the Inorganic Constituents of Coal on 
Combustion,” by K. Baum, Gliickauf, vol. 64, 1928, pp. 1733-1741. 


ey 
000. 
d 
| 
J 4 
é 


148 TRANSACTIONS OF THE A.S.M.E. FEBRUARY, 1940 


‘sr, 26.3 - 

Al, 11.6 
! Equivalent] 

404 


cao + MgO 16.0 


0 


+ 


| 

pitt 

4 


pparent viscosity 


of cone 4 


+4 


== 
= 


TTT 
4 


+ 


4 


| Equilibrium: 
viscosity of slag / 
--+- + + 


20,000-- 
4844+ ++ 500+ 
3 
po |, CaO + MgO - 
100.0 is 
+ 
B | | 
| 
xe \ 
10! | \ = 
64 Cone initial AsO, 223 
LT.= Ba 
Cone softening |_| 166, | | 
S.T.* temperature | | Equivalent CaO+MgO __49 
temperature CaO+MgO 39.2 | | | 
1 + +. — — 


0. 
1900 | 2,300 2,700 1,900 | 2,300 | 2, 700 1,900 2,300 2,700 {1,900 2,300 A 
2,100 2,500 2,900 2,100 2,500 2,900 2,100 2,500 2,900 2,100 2,500 


TEMPERATURE, °C 


Fie. 10 CompaRIsSON OF ConE-FUSION TEMPERATURES WITH VISCOSITY-TEMPERATURE CURVES OF S1x Coat-AsH SLAGS 


against temperature of a cylinder of ash of 1 in. diam and height. 

There are two types of slags: 

1 That in which the particles of the original cone are homo- 
geneous and melt to form a true liquid without solid phase. For 
viscosities below that of the annealing range (+10'? poises), 
there is no measurable time delay for the viscosity of a glass to 
change to its correct value for a new temperature. With such a 
true liquid, if held long enough at one temperature, the molten 
slag would take a final shape fixed only by the factors other than 
the viscosity; that is, independent of it. The time required to 
reach the equilibrium shape at a constant temperature will de- 
crease as the viscosity decreases. 

2 The type of ash in which some of the particles of the original 
cone melt to a true glass and others remain solid or fuse to a lesser 
degree; that is, the slag is not a true liquid. With such a slag, 
the solid present will affect the shape, and time has the additional 
importance that the solution of the solid increases with time. 

It is not suggested that the shape of the cone against time could 
be predicted even if numerical values for the factors listed were 
known, but the principles of what the cone temperatures measure 
should be recognized when an attempt is made to interpret their 
meaning. 

All standard cone tests are made under reducing conditions and 
the slag will have a low ferric percentage; therefore, the viscosity 
tests with which they are compared must also be for slags with 
low ferric percentage. Only a few such tests are available. 

Fig. 3 is for a test in air but, as the slag melted as a true glass 
and showed no liquidus region down to 2000 F, it can be used for 
comparison, because the curve of a melt for a low ferric percentage 
would be parallel to it and about 20 per cent above, and also 
would have no liquidus. From this figure the cone-fusion tem- 
peratures and their viscosities at their intersections with the low 
ferric percentage curve are: 

Initial temperature, 2160 F, 9000 poises 


Softening temperature, 2250 F, 4000 poises 
Fluid temperature, 2790 F, 100 poises 


Because the slag had been premelted and was a glass, all the 


particles of the cone would be of the same composition; there 
fore, the first deformation, recorded as the initial temperature, 
would be due to an equal degree of melting of each particle of the 
whole cone, which is not so when an unmelted coal ash is tested. 

The three viscosities listed for this glassy slag are a reference 
of comparison for other slags. The range of compositions will 
be very small for coal ashes, the slags of which are not true 
glass and yet, at the liquidus temperature, have a viscosity 
greater than 4000 poises, that is, for most slags the softening 
temperature is fixed by the liquidus temperature. 

Fig. 10 gives the viscosity plots for six slags of widely different 
compositions and shows their cone-fusion temperatures. The 
plots illustrate the statement just made that the softening tem- 
perature is usually lower than the liquidus temperature, as judged 
from the heating cycle. The plots show that the softening tem- 
peratures are close to the liquidus temperature, as fixed by the 
line for the heating cycle, except for F and C, for which they are 
considerably below. The relationships shown by C are con- 
firmed by another refractory slag (Fig. 5); these low-flux pre 
melted slags have glassy characteristics but are not true glasses 
because an extension of curve C to higher viscosities would not 
pass near 4000 poises at the softening temperature. Slag F 
evidently has a wide liquidus range. 

If the liquidus occurs at a viscosity of 500 or more poises, 
it would be expected that all the solid phase in the cone will have 
been absorbed by the time the viscosity is 100. Thus, the slag 
of the cone will act as a true liquid and the fluid temperature will 
be observed as at about 100 poises, unless reaction with the base 
affects the flattening of the slag. The viscosity at the fluid tem- 
perature of slag B was exactly 100 poises, and of C and E about 
that much. That of A is low, possibly because the slag did not 
wet the base as well; special tests and technique would be r 
quired to prove such explanations, because the base must b 
quenched at once or deformation will continue. 

For slags for which the liquidus occurs at less than 100 poises 
the fluid temperature will occur at a temperature a little higher 
than the liquidus temperature; slags D and F are examples. 0 


| 

| 
| | Tal 

======= 

| | 

kno 

rT Da 

eno 

2,900 
ind 
ul 
h 

the 

sag 
soft 

con 

N 

con 
con 

The 
ash 
con 
the 
Be 
240 
tha 
suc! 
ee, 
Vis¢ 


40 


NICHOLLS, REID—VISCOSITY OF COAL-ASH SLAGS 149 


the plot of F, a dotted curve has been added to show what may 
be the apparent viscosity of the cone as its temperature increases. 

The viscosity plot could be approximated if the liquidus 
temperature and the viscosity at one temperature were known. 
Table 1 lists values taken from the plots arranged in the order of 
the viscosities at 2600 F. 


TABLE 1 COMPARISON OF VISCOSITIES WITH CONE-FUSION 


TEMPERATURES 
Viscosit Liquidus ——Cone-fusion temperatures— 
Slag of at 2600 F, -—-temperature—. Initial, Softening Fluid, 
Fig. 10 poises F Order F F Order F 
F 1.2 2120 3 1900 1970 1 2180 
D 4.4 24 6 2260 2360 6 2430 
E 17.0 (2100) 2 1880 2015 2 2195 
A 25.0 21 4 2085 2150 3 2470 
B 140.0 2380 5 2270 2335 5 2635 
Fig. 3 260.0 Glass 1 2170 2250 4 2790 
C 600.0¢ 2780 7 2350 2530 7 2815 


* From extension of curve below liquidus temperature. 


With the exception of slag D, the fluid temperature increases 
in the same order as the viscosities; slag D is an uncommon slag 
with very high lime. One point of the viscosity curve would be 
known if it were assumed that the viscosity at the cone-fluid 
temperature is 100 poises; but this does not hold for slags like 
Dand E. It is possible that the plot of fluid temperatures against 
viscosities at 2600 F may give points within a band narrow 
enough so that the plot could be used for predicting viscosities 
at 2600 F, when the fluid temperature is known. However, 
indications from these data are that such predictions could be 
much in error. 

The liquidus temperatures fall somewhat in the same order as 
the softening temperatures and have higher values. Low-flux 
slags would be an exception to this approximate rule. A glassy 
slag with no liquidus can ‘be predicted from the cone temperature 
because it will have an interval of about 500 F between the 
softening and fluid temperatures. 

As a summary, curves and rules could be derived from experi- 
mental data from which the liquidus temperature and one point 
on the viscosity-temperature curve could be predicted from the 
cone-fusion temperatures, but there will be the possibility that 
some predictions may be much in error. 

No definite rules for the interpretation of the cone temperatures 
are given at this time, because data are too few and these cone 
fusions are for premelted ash; conversion factors are required to 
convert the values for unmelted ash into those for melted ash. 
The difference in the cone values is only large for the low-flux 
ashes; for example, the softening temperature of the unmelted 
ash of slag C was 2795 F, against 2530 F, for the melted slag. 

In addition to such rules, a mean curve of viscosity such as 
that of Fig. 9 is required as a guide in drawing the viscosity curve 
through the one known point. 

One must not expect that very close interpretations of the 
cone-fusion values will ever be possible. The criterion of change 
of shape and the several factors which produce those changes are 
too indefinite, but it should be possible to get better information 
than when only the softening temperature is used. For example, 
the softening temperatures of slags B and D of Fig. 10 differ by 
only 25 deg, and by that criterion their clinkering would be 
expected to be similar. However, although both are fluid at 
2400 F, the viscosity of B is 470 poises and that of D is 12 poises; 
that is, D is 40 times more fluid than C. Under most conditions, 
such difference should certainly make D a worse clinkering coal 
than C, 

The first step toward a better understanding of the cone tem- 
peratures was stated to be the ability to translate them into 
Viscosity curves, That will not mean that the viscosity curves 
Will be of greater practical help in prediction or explanation of 
‘linkering or other ash actions, except as far as we can learn to 


use these tools with skill. They will be of direct help and appli- © 


cation in relation to slags in a fluid state, such as slag-tap furnaces. 
They are needed, and should be helpful, in connection with 
clinkering, and more so if the analysis of the complicated actions 
in the fuel bed foliows the life history of the coal from the time of 
firing. 


or ASHES oR SLaGs 


The properties of a slag obtained by mixing the ashes of two 
coals can be determined from the trilinear diagrams of Fig. 8 
by drawing a straight line between the two points representing 
their compositions and reading the values of viscosity, or of the 
crossing of the liquidus line, for percentage positions between 
the points. Thus, it is possible to predict the effects of mixing 
ashes or of fluxing by the addition of iron oxide or lime. Note, 
however, that these plots do not give any information on slags 
in the area of solid phase. 
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Fig. 11 Errect on Viscosiry AND Liquripus TEMPERATURE OF 
Mrxine Two 


(A, having widely different viscosities; B, having similar viscosities.) 


Such plots are valuable in that by inspection they show which 
of the three components, silica, iron oxide, or lime, should be in- 
creased to produce a desired change. Considering the 2600-F 
plot, for any composition in the liquid phase inclosed by the 
boundary A-B, the addition of lime will decrease the viscosity 
and move the composition farther from the liquidus line; both 
changes will make tapping easier. 

To add iron only will decrease the viscosity by about the same 
amount as will the addition of lime, but now the tendency will 
be to approach the liquidus line, which is undesirable. 

In general, the addition of silica will increase the viscosity, 
but for a low-silica, high-iron slag it may be beneficial in that it 
can move the slag toward an area of the field of composition 
where the liquidus temperature is lower. 

Fig. 11 shows the results of mixing slags. Plot A is from 
experimental data. Slag T-342 had a viscosity of 1 at 2700 F 
and had its liquidus at 2600 F; slag T-381 had a viscosity of 16 
at 2700 F and acted as a glass. The data for plot B were obtained 
from the trilinear diagrams of Fig. 8; the slags have somewhat 
similar viscosities and the same differences in liquidus tempera- 
ture as those of plot A. These plots are self-explanatory. 


Errect or HEATING ON FERRIC PERCENTAGE 


It is important to understand the effect of heat and tempera- 
ture on the state of oxidation of the iron content of ashes and 


Equivatent Fe20, 461 121 im 
The 
em- 
not 
F 
lave 
slag 
pase 
not 
re 
t be 
jses, 
On 


150 


slags. The method used in the chemical analysis evaluates the 
iron oxides as ferric (Fe,O;) or ferrous oxide (FeO). Metallic 
iron is not included, because it will not result from the heating 
of a slag in the absence of carbon or a reducing gas. 

Certain tests were made to determine the factors influencing 
oxidation and reduction. The primary purpose of these tests 
was to obtain information required for the conduct of tests of 
this investigation and not to determine phase-equilibrium data. 
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FERRIC PERCENTAGE 
OXIDATION AND THERMAL DissociaTION CURVES FOR A 
Coat-AsH SLAG 


(Original slag ground to pass 60 mesh; 1-hr exposure at each point.) 


Fic. 12 


The slags used had been premelted and were well reduced. 
They were ground to 60 mesh, and some were oxidized in the 
same manner as isa coal ash. The tests were made in a platinum- 
wound furnace, in which the atmosphere could be controlled; 
they were of three types: 


1 Heating the reduced slag in air, stirring until prevented 
by eventual sintering of slag. 

2 Heating the oxidized slag in an atmosphere of unpurified 
nitrogen containing 0.34 per cent O; and traces of water vapor. 

3 Heating the oxidized slag in an atmosphere of nitrogen, 
purified by slow passage over hot copper gauze and drying with 
calcium chloride, and admitted to the furnace through a carbon 
tube. 


Fig. 12 shows the tests on one slag. The method in all tests 
was to raise the temperature by steps and maintain it at each 
temperature for 1 hr. At the end of the hour a sample was taken, 
immediately quenched in water, and used for the determination 
of ferric percentage. Samples can only be taken before the pul- 
verized material sinters and after it is at least partly liquid; 
the larger temperature intervals show when a sample could not 
be taken. 

In the test in air, the slag began with a ferric percentage of 12. 
The percentage increased at a uniform rate until it reached a 
maximum of 94 per cent at 2100 F. Further increase in tem- 
perature caused dissociation, oxygen being driven off; at 2800 F 
the ferric percentage was reduced to 56. 

In the test in unpurified nitrogen, the original ferric percentage 
was 97. There was no change in ferric percentage below 2130 F. 
The final ferric percentage differed little from that in air. 

In the test in purified nitrogen, reduction began at 1700 F 
and at 2540 F the ferric percentage was 8. There is a possi- 
bility that this low value may be partly due to carbon particles 
from the tube being deposited on the slag. 

Other slags gave the same type of result, except that the final 
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ferric percentage of slags heated in air was smaller for slags with 
low iron-oxide content. 

Time is required for oxidation, but reduction occurs quickly 
with the evolution of gas. Rate of oxidation depends upon area 
of surface, whereas reduction is independent of surface. Thus, 
when in practice, the ferric percentage of a bed of slag has been 
lowered by raising its temperature, the slag will retain that lower 
value after the temperature has been decreased, because oxida- 
tion is limited to action at the surface of the bed, where, over 
most of the area, the atmosphere will not be oxidizing. 


YENERAL DIscussION 


The authors believe that these tests and the deductions from 
them clear up some of the fog that has surrounded conceptions 
of the fusion characteristics of coal-ash slags, but the results 
have included no definite numerical values for the state of 
fluidity of slags cooled below the liquidus temperature. 

The oscillating-bob viscometer is good in that it can cover 
a range of from 1 to even 108 poises, provided the slag remains a 
true liquid, but its action is extremely sensitive to the presence 
of solid phase. 

100 Si02 


Fig. 13. SuGGestivE Form or CoMpLETE PLotT OF VISCOSITY FO2 
Frxep Sitica-ALUMINA Ratio AND A Frxep Ferric PERCENTA® 


There is a great distinction between measurements of t 
state of fluidity at temperatures above and below the liquids: 
Above the liquidus temperature, the slag is a true liquid and 
same value for its viscosity will be obtained independent of t 
method used. Below the liquidus, the problem is entire 
different. The numerical results obtained will depend upon t 
method and apparatus, the procedure and the time-temperat&™ 
history of the thermal procedure. For example, the oscillat 
method would give higher values for equivalent viscosity th# 
would the method of a bob rotating at a constant speed. In % 
procedure, the numerical value depends upon whether the si# 
is agitated to break up crystal formations. In these te 
measures of apparent viscosity at constant temperature bs" 
increased 100 per cent during a 15-min interval. 

Thus, any method of measurement when solid phase is pres” 
in the slag will be arbitrary; for results to be duplicated the" 
must be a rigid specification for procedure and for its relsv” 
to time. 

The method of test to be used for temperatures below ™ 
liquidus has not been fixed because the correct choice is stil 2 
doubt. Three main possible principles are (1) rate or quantity ° 
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h flow under specified conditions, (2) force or work required to pro- 
duce shear in the slag under specified conditions, and (3) deforma- 

y tion under specified conditions. 

zy If the initial and softening temperatures are added to the 

8, viscosity-temperature plots, they show whether the _ initial 

n melting is slow or fast and enhance the value of the plot. 

er Numerical values by any method could be expressed as appar- 

a- ent viscosity, under the definition that the apparatus and method 

er are calibrated against a true glassy slag for which the viscosity- 


temperature plot has been determined. 


Fig. 13 suggests the type of plot that would give complete data 


on the fusibility of coal-ash slags. The isoviscosity lines, ap- 


ym proximately horizontal for the true liquid area are the same as 
ns those of the 2200 F plot in Fig. 8. The extensions of those lines 
Its begin from the liquidus line of Fig. 8 and are the apparent vis- 
of cosity values. Their shapes would be as shown, but the distance 

between them is not based upon data, except that it is known 
ver they will be crowded closer together at the lower part than at 
S 8 the upper part of the plot. One plot would be restricted to one 
nee temperature, one ferric percentage, and a restricted range of 


silica-alumina ratios. 
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Appendix 


DESCRIPTION OF APPARATUS 


Fig. 14 is a cross section through the furnace and viscometer; 
all the essential parts are labeled. Fig. 15 shows the complete 


the switchboard in the background is for control of 


heating, and a multiple-tap transformer is below it; the apparatus 
beneath the table is for the purification and control of nitrogen 
for the atmosphere of the furnace. 


FURNACE 


Experience in this investigation had shown that the operating 

) temperature of a platinum-wound furnace should not be higher 

' than 2750 F or its life would be short, as the temperature of the 

; winding would be at least 2850 F. As the maximum operating 

| temperature required was 2900 F or more, the upkeep of a 
» platinum-wound furnace would be excessive. 

The design adopted for the heater was a silicon-carbide tube 

2 X 3 in. diam and 12 in. long. The end terminals are water- 

| Cooled copper plates, the spring pressure being on the upper 


tests J plate. Turned lightweight refractory blocks surround the tube 
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) 4nd are enclosed in a shell of high temperature sheet iron; the 
» space between this and the furnace casing is filled with sil-o-cel 
§ Powder. The casing is of welded construction, and the assembly 
» S gas tight except for the opening at the top around the tubular 


The reguiation of the current is by means of a multiple-tap 
| 'ansformer of 3-v steps with variable resistors for adjustment 
B between steps. The maximum load is about 3 kw. 

The control and operation of the furnace has been satisfactory, 
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Fig. 15 GENERAL VIEW OF THE VISCOMETER SETUP 


but the average life of the heating element has been only about. 
200 hr, or 15 to 20 heats, in not more than 5 of which a maximum 
temperature of 2930 F would occur. Failure has been caused by 
development of hot spots or cracks. Such local high temperature 
involves the additional risk that silicon vapor may be evolved. 
and damage any platinum in the furnace. 
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CrucIBLES—-TEMPERATURE CONTROL 


The crucibles have an inside diam of 1'/; in. and a depth of 
2!/,in. Porcelain crucibles of special design are satisfactory for 
slags of total flux content of 15 per cent and a maximum tem- 
perature of 2900 F, or for a flux content of 25 per cent and a 
maximum temperature of 2800 F. Platinum crucibles are used 
for higher-flux slags or long exposure to high temperature. 

A platinum 10 per cent rhodium thermocouple is used for 
temperature control, the hot junction being exposed to direct 
radiation of the furnace tube. Thus, with its small heat capacity, 
the thermocouple rapidly follows changing temperature of the 
tube and, through a potentiometer-activated temperature con- 
troller, maintains the slag at any fixed temperature within a 
maximum variation of 2 F. Thus it was possible to bring the 
slag to a given temperature and to hold it at that temperature 
indefinitely, without the furnace requiring constant supervision. 
At temperatures near the liquidus, this was of great value 
because momentary unobserved cooling of 10 F is sufficient, 
with some slags, to cause abrupt freezing of the melt. 


VISCOMETER 


The bob of the viscometer is '/2 in. in diam X '/2 in. long 
and has a 3/3;-in. spindle, both of platinum 20 per cent rhodium. 
The spindle extends outside the furnace and passes through a 
removable water-cooled cap which closes the furnace at the top 
and prevents heating of the upper part of the viscometer. 

The viscometer has several ranges; two suspensions are con- 
nected in series such that both can be used as a unit, or the lower 
suspension only by clamping the junction of the suspensions at 
the lower torque head. The two inertia weights provided are 
of such moment of inertia that the smaller weight, in conjunction 
with the two suspensions, or both weights with the short sus- 
pension, form systems having a period of approximately 10 sec 
when oscillating in simple harmonic motion. This period of 10 
sec was fixed as the shortest for which an observer could de- 
termine accurately the amplitude of an oscillation by the scale 
reading at the point where the oscillation reversed direction. 
For viscosities of less than 1 poise, both weights are removed and 
the period is about 2/2 sec. 

When the damping effect of the viscous slag is so great that 
readings are not possible with harmonic motion, the inertia of the 
system is made its minimum and aperiodic motion is utilized, 
the time for the bob to rotate over a given angle being measured. 
The torque heads are equipped with magnets, so that a given 
twist of the suspension from the 0 position can be maintained 
until the bob }.as rotated to a preassigned position. A key 
switch is then operated, releasing the magnet so that the bob is 
free to rotate under a definite torque and, simultaneously, the 
electric timing clock is started. When the bob has rotated to the 
second preassigned position, the key switch is again operated, 
stopping the clock and reenergizing the magnet for the next 
timing cycle. 

VISCOMETER CALIBRATION 

The original calibration was made with castor oil, the vis- 
cosity of which was checked in a modified Ostwald viscometer. 
Later, calibrations were made against a polymerized mineral oil 
having a much higher viscosity and also were measured in an 
Ostwald viscometer. These calibrations, made between 40 F 
and 180 F, could be compared directly and showed differences 
of about 5 per cent. Two calibrations were made at high tem- 
peratures with a synthetic iron-free slag and a glass, both of 
which had been measured previously in a Margules-type vis- 
cometer by H. R. Lillie, of the Corning Glass Works, who 
furnished the samples. Fig. 16 shows the comparison between 
the viscosity computed from the constants originally determined 
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with castor oil and the viscosity for the same glass as reported 
by Lillie; the slag viscometer curve is approximately 5 per cent 
low. The constancy of deviation indicates that calibrations with 
castor oil are a sufficient check on the continued operation of the wn 
viscometer. The synthetic slag, which was of lower viscosity, - 
has a similar agreement. The indicated accuracy of the in- & 
strument itself is approximately +5 per cent. I Fes 
Two series of 50 consecutive determinations of the viscosity 
of two oils in this viscometer indicate that, for identical condi- F; 
tions of temperature and viscometer arrangement, with harmoni a . 
motion, the standard deviation from the true average will not — 
exceed 1 per cent 99.9 per cent of the time, nor, for aperiodi prope 
motion, will the standard deviation exceed 3 per cent. Baw 
e ompa 
Discussion Pralues 
R. M. HarpGrove.” The characteristics of slag are very in- 
portant in the design and operation of large boiler furnaces fire: " 
by pulverized coal and stokers. : 
At the time the authors started this work, it was thought ths! 
the ability to tap the molten slag was the important featur Bite 
It still is necessary to tap the slag, but, as furnace designs havt MPP *itenin 
advanced, resulting in higher furnace liberations and the mor nahn 
general use of two-stage furnaces which have higher temperature & 
in the primary furnace, the difficulties in tapping slag have bee Table 
0 not } 


reduced to a point where it is not of major importance. 
The coating by slag of secondary-furnace walls, slag screet 
and superheater tubes is, however, a problem of major importan* 


pera 


POnsiste: 


in both stoker-fired and pulverized-coal installations, and th he relat 
determination of the characteristics of slag under these cont VG, an 
tions is a subject worthy of intensive investigation. I glassy 
The primary purpose of a boiler is to absorb heat. Slag cos tw 

the 


ings on the water-cooled walls reduce heat absorption and requ* 
operating labor to maintain the units in satisfactory workit 
condition. 

In boiler furnaces, there usually exist a reducing atmosphe" 
in the primary furnace and an oxidizing atmosphere in the seco” 


ardgro 


16 Engineer in Charge, Design Department, The Babcock « \” 
cox Company, New York, N. Y. Mem. A.S.M.E. 
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research be carried on covering the full range from reduced to 
fully oxidized atmospheres. The writer would like to suggest 
that further work should approach the problem from that angle. 
The curves, such as Fig. 8, if completed to cover the possible 
degrees of oxidation, would be in a very useful form. Fig. 7 is a 
very interesting plot. In order to obtain smooth curves of con- 
stant temperature, it is not necessary to omit the Al,O; as it can 
be added to the SiO, and the sum of SiO, and Al,O; used as ab- 
scissa Just as satisfactorily. 

Viscosity and liquidus point may have some relation to the 
tendency to stick to furnace walls and tubes, but it is not clear 
just how it can be used. Perhaps the sticky characteristics at 
some temperature below the liquidus would be more analogous. 

The authors have conducted a very thorough research and we 

- surely hope they will find ways of continuing the program. 
CLOSURE 
This opportunity is taken to add a figure which simplifies 
comparison of the properties of the slags indicated in Fig. 10 of 
'the paper. Fig. 17 shows the viscosity curves and the cone- 
fusion temperatures of 8 coal-ash slags. The viscosity curves 
are for reduced slags of low ferric percentage, and the fusion 
| temperatures are for the premelted slags and not for the original 
coal ash. Table 2 gives the chemical composition of the slags 
uve © which are lettered in order of decreasing flux content; this des- 
ignation is not the same as for the same slags in Fig. 10. 
orted 
cent TABLE2 COMPOSITION OF SLAGS OF FIG. 17 
4 B C DB B 
26.3 35.3 41.4 48.4 50.0 57.5 53.3 55.3 
of the 11.6 16.6 22.3 19.2 26.7 19.1 28.3 31.1 
osity, Equiv Fe:Os........ 46.1 99.9 31.4 12.1 13.1 13.2 13.7 9.5 
Hy CaO + MgO....... 16.0 38.2 4.9 20.3 10.2 10.2 4.7 4.1 
195.0 100.0 100.0 108.0 100.6 
+ CaO + MgO 62.1 48.1, 36.3 32.4 23.3 23.4 18.4 13.6 
cosity 
cond: _ Fig. 17 shows clearly the relationships between cone tempera- 
_ tures and viscosity for each slag, as well as those between the 
ill - properties of slags having a wide range of composition. 
riod Since the completion of the paper, viscosity and cone-fusion 
tests have been made on two glasses so that the results might be 
compared with those obtained for the glassy coal-ash slag. The 
values for the two glasses and for the glassy slag F of Fig. 17, 
_ Bere given in Table 3. 
ary il 
es fires TABLE3 VALUES FOR SLAG AND TWO TYPES OF GLASS 
Slag F——. ——Pyrex—. ——Soft glass— 
ht that Deg Deg Deg 
feature My... F Poises F Poises F Poises 
Muitial temperature....... 2160 9000 2020 60000 1480 100000 
ns have MPeftening temperature....2250 4000 2220 7000 1600 50000 
he luid temperature........ 2790 100 9.2900 600 2220 700 
erature 
ve bet Table 3 shows that these three widely different types of glasses 
Bo not have the same viscosities at the initial, softening, and fluid 
screets er “peratures, respectively. Thus the cone-fusion test is not a 


Sonsistent measure for viscosity even for glassy slags. However, 
me relative positions of the I.T., 8.T., and F.T. points of slags 
,G,and H of Fig. 17, indicate that the corresponding viscosities 
f glassy slags of the coal-ash type may not differ so widely as do 
Be glasses. 
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d requis The authors take issue with some of the points raised by Mr. 
workin Bardgrove. Although tapping of slagging furnaces is not the 
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problem that it was in the earlier days, yet he will agree that, even 
in recent installations, considerable trouble and expense could 
have been avoided if knowledge of the properties of the slags, 
such as that given by Fig. 17, had been available when the 
equipments were designed. 

Again, data on viscosity and cone fusions, similar to those of 
Fig. 17, for any slag give primary characteristics for slagging 
properties much in advance of any previously available. As 
stated in the paper, more exact measures than those given by 
the cone, initial, and softening temperatures are required to ex- 
press the properties of the slag below the liquidus temperature 
but, until such data are available, the cone-fusion temperatures 
give some indication of the mobility or plasticity of the slags. 

Fig. 4 is a complete indication of the effect of ferric percentage 
over its entire range. These data were published in 1934,* and 
that paper should be consulted for the full application of Fig. 4. 
In addition, the authors have available similar data, as yet un- 
published, on the effect of the ferric percentage on the ‘‘penetra- 
tion” and the “sticky” temperature for the entire range of coal- 
ash slags. 

Methods other than those omitting the Al.O; can be used to 
reduce to three components for the plots of Fig. 8. The omission 
of the Al,O; was found to be most satisfactory because the plot 
then shows the effect of silica content on viscosity, but silica plus 
alumina can be used for plots limited to a narrow range of ratio of 
silica to alumina. 
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Discussion 


Cavitation Characteristics of 
Centrifugal Pumps Described by 
Similarity Considerations’ 

J. W. Macmerexken.? The authors prove in this paper the 
importance of the Thoma-Moody parameter ¢ = He for de- 


termining the safe lower limits of the absolute suction pressure 
above the vapor pressure of the fluid. Their discussion of this 
parameter as part of the general laws of similarity of machines 
of the same hydraulic type proves that no other criterion is 
necessary for determining the absolute pressure and suction-lift 
characteristic, provided consideration is limited to particular 
models and to series multiplications of these models, 

However the whole field of centrifugal-pump applications 
would require an infinite number of models to cover the entire 
range of specific speeds. Often several different types of models 
for each specific speed are required to cover the variations of 
characteristic that are called for in centrifugal pumps in com- 
mercial use. Therefore it is necessary to have a knowledge 
of the variation of values of o with specific speed and also to 
have a knowledge of. the variation of o in models of different 
hydraulic characteristics of the same specific speed. 

The writer would like to emphasize that specific speed is only 
one of several type determinants in centrifugal pumps. This 
is true very particularly with reference to suction-lift or absolute- 
pressure parameters. 

The curve shown in Fig. 8 of the paper represents a different 
value of o for each specific speed throughout the range shown and 
the variation of o value is continuous. 

The importance of different values of o for the same specific 
speed is illustrated in Figs. 1 and 2 herewith. Fig. 1 shows 
the characteristic curve of an 8-in. centrifugal pump, which 
delivers 2600 gpm against a total head of 180 ft at a speed of 
1750 rpm. A breakdown occurs when the suction lift is 16.6 
ft. Fig. 2 shows another impeller in the same pump, which 
delivers the same capacity and head but in which a breakdown 
does not occur until the suction lift is 26.1 ft. In Fig. 1, the 
value of o is 


32.7 — 16.6 16.1 


— = = 0.0895 
180 180 
but in Fig. 2 the value of o is 
32.7 — 26.1 6.6 
= —— = 0.0368 


These figures, taken from a popular size of commercial pump, 
show that a very great difference in the value of o can exist in 
the same pump with two different impellers, both of which have 
the same specific speed. 

Fig. 3 shows the characteristic of a centrifugal pump for the 
same capacity and head as before but with a speed of 3500 rpm 
instead of 1750 rpm. This shows a breakdown when the suction 


* Paper by G. F. Wislicenus, R. M. Watson, and I. J. Karassik, 
Published in the January, 1939, issue of the A.S.M.E. Transactions, 
Vol. 61, no. 1, pp. 17-24. 


*Cameron Pump Department, Ingersoll-Rand Co., Phillipsburg, 
N. J. Mem. A.S.M.E. 
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lift is 1.7 ft, which is equivalent to a o value of 


32.7 — 1.7 


180 180 


= 0.172. This shows that the value of o is higher for higher 


specific speeds. 
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It has been common practice among pump designers to calcu- en eaten, : 
late the absolute pressure required on the suction of centrifugal ' ; t 
pumps by the use of dimensionless coefficients. The use of such a " 
coefficients and their limiting values permits the designer to os) " 
lower the limits of suction pressure required with a fair degree H y | 
of accuracy below average commercial practice, when suction A _ 
lift is of great importance. The lowest possible suction pressures ' , ' 
are required in condensate-removal pumps for surface condensers, \ x 
for chemical-process pumps in conjunction with evaporators, and 
in well pumping, where submerged pumps are not required. : H d 
| 
The parameter S = a (Equation [6] of the paper), | if in 
av 
combined with the provision S = const and N, = const (Equa- IMPELLER NO. IMPELLER NO.2 ” 
tion [7]), appears on analysis to be inconsistent with observed Fig. 4 Errect or CHANGES IN INLET DIAMETERS OF IMPELLERS la 
tests. 
Starting with Equation [6] Fig. 4. It is known from tests that a slight change in D, results a 
in a change in o and S. Br 
an N X VQ a Referring to Fig. 4, let D, be the diameter of both impellers 
H,,''* js and let the entrance diameter of impeller No. 1 be D,, and let the a 
entrance diameter of impeller No. 2 be D, X r, where r is 4 
* Hy = N VQ X const, for a particular N, linear ratio, say, slightly greater than unity. By Equation [3] th 
in 
Now let where U, is the peripheral velocity of D, in impeller No. 1 and f ~ pu 
- V,,, is the entrance velocity of flow at the eye of impeller No. | ( 
N= nVH and Q=aVH Then for impeller No. 2 
n and q are sometimes called unit speed and unit capacity, respec- ‘ ts det 
tively. H,, = (rU;)‘* X [5] 
. Hy = (NV/Q)‘" X const Eq 
fun 
= X VqX X const = x Vis XC 
| Ur" X Va XC 7 
H —_ the same as H,, for impeller No. 1 (see Equation [4]). Biv 
= x const That is, Equation [4], which is the equivalent of Equation [6 
of the paper is such that, in impellers of the same capacity and f — spe 
now let U; = peripheral velocity of D, in ft per sec specific speed, a slight change in D, only, makes no change in } — the 
H,, or in the parameters o and S. p con 
and K. = Ui If this were true and in agreement with actual tests, S woul | 
+ V 2gH indeed be a valuable parameter and the calculation of o would | inf 
. ; ie always be very simple, because it would be independent of the f — expe 
also let V,, = velocity of entrance at D, in ft per sec value of D,. But unfortunately tests show that a change in D, } — If 
a ae Viens only, changes the value of ¢. Hence the writer believes that the} of t 
= 
N Tho 
Vv aad parameter S = ee is proved to be of incorrect form yf > T 
H Ku x 1840\'" ‘a disc 
x(-D2 x Ky, const the method of reductio ad absurdum. 
H dD 4 Instead of the Equation [6] of the paper and its derivative | of th 
= Ku'* x C, X K,,'* X Cy X const such as the writer’s Equation [2], it may be proved that S with 
which is the form of the equation in terms of dimensionless press 
coefficients. and then instead of [5], we would have 3 
Also x Ph X xc H,, (for impeller No. 2) = rUi X va xc; hydr: 
of meg 
mat 
Pump 
for i 1) = 
Now two impellers of the same D, but with slightly different X Cr In pu 
D, may have the same N, and the same capacity and head. Therefore oC for impeller No. 2 is smaller than Co for impelle f j a 
The two impellers, the characteristics of which are shown in . ie , : has the fs ar fr 
as 
Figs. 1 and 2, are examples. Now consider the effect on the r 
writer’s Equation [3] of a slight change in D., as illustrated in lower value of «. This is in agreement with a large number" > | een 
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tests of many different impellers. The few impellers which are 
not in agreement have some feature of design which causes an 
interference such as too high entrance ratio, or too many vanes. 

The writer has found that the variation of « with N, is best 
expressed by the following equation 


o=KxXCXN,. 


where K is a performance coefficient and is dependent on hy- 
draulic efficiency, type of suction approach, length of suction 
pipe, degree of saturation of the fluid with air or gas, and on the 
inlet ratio of impeller vanes. 

On the other hand C is a constant which is a measure of the 
relative size of inlet and has well-defined limits. For example, 
large ( represents a relatively small D, and low value of C repre- 
sents a relatively large D,, where D, is the entrance diameter 
of the impeller. The value of C therefore determines, if it is 
within certain limits, whether the efficiency may be affected. 

Values of K may be placed in three classifications: (1) When 
absolute suction pressure is sufficiently high that the pump effici- 
ency is not affected; (2) a certain lower value of K means that 
the pump efficiency is slightly affected; (3) a still lower value of 
K is obtainable only with deaerated water, such as is obtainable 
in condensate-removal pumps, in evaporators, and in process 
pumps, where there is no quantity of gas dissolved in the fluid. 

The derivation of the writer’s Equation [7], with theoretical 
and practical values of K and (, is too lengthy to be given in 
detail in this discussion. 

The development of Equation [7], however, differs from that of 
Equation [6] of the paper in that Equation [6] of the paper is a 
function of rotational head, whereas the writer’s Equation [7] 
is derived from the rotational head, modified by the conditions 
of velocity of approach in the suction element of the pump. The 
velocity of approach is a function of capacity and not of rotation. 

The writer would emphasize that the use of parameter S, 
given by the authors, is capable of serious error in the deter- 
mination of limits for o throughout the whole range of specific 
speed, because it merely represents a hydraulic condition and not 
the ability of any particular model to cope with the hydraulic 
condition. 

In particular the authors’ parameter S is, from its form, not 
influenced by change of impeller D, which is contrary to test 
experience. 

If the use of the authors’ parameter S is restricted to machines 
of true similarity, it is totally unnecessary because then the 


: Thoma-Moody parameter a is all that is required. 


The writer appreciates fully the very consistent mathematical 
discussion of the authors on this subject, which contributes to a 
better understanding of the subject; and he offers his criticism 
of the parameter S, merely because he finds it is not in agreement 
with test results and, because its use may result in serious con- 
fusion and possible'errors in determining the best size and most 
economic speed of a centrifugal pump for the absolute suction 
pressure available. 


L. F. Moopy.’ The occurrence and causes of cavitation in 
hydraulic machinery seem to have been first studied in the fields 
of marine propellers and hydraulic turbines. But little published 
material has appeared concerning cavitation in pumps. This 
cannot be explained by the absence of cavitation from centrifugal 
pumps, because no such happy state exists. While its occurrence 


) ‘2 pumps is usually of somewhat less consequence than it is in 


great modern turbine units, its presence even in small pumps is 
far from welcome. 


Professor of Hydraulic Engineering, Princeton University, 


Princeton, N. J. Mem. A.S.M.E. 
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The authors have investigated the cavitation characteristics 
of centrifugal pumps as related to specific speed, as has previously 
been done empirically for turbines.‘ In so doing they have 
introduced a new cavitation coefficient, having the same di- 
mensions as specific speed, and have deduced, by somewhat 
intuitive reasoning, an approximate functional relationship be- 
tween the Thoma cavitation coefficient o and specific speed. 
The relationship amounts to the proposition that, at least in 
low-specific-speed pumps, o should vary as the four-thirds power 
of the specific speed, very nearly; or ¢ = (a constant) N,‘/. 
For this constant they have used their new cavitation coefficient 
S, putting = (1/S*“)N,‘”. 

They recognize that with material changes in design charac- 
teristics, as with widely different specific speeds, S may not be 
strictly constant, but they justly argue that S should change very 
slowly, and perhaps inappreciably, over wide ranges of N,,. 

The writer has for several years been attempting to collect 
results of pump cavitation tests and to plot o values vs. N,. 
The data so far obtained seem to bear out in a general way the 
authors’ thesis; a curve drawn through the centers of gravity 
of the mass of plotted points agrees well with the functional 
relationship they present. The writer also recalls arriving 
very nearly at the same conclusion in a theoretic analysis in 
which he showed that, for turbines and pumps of similar design 
characteristics, part of the cavitation factor, represented by 
velocity head at the runner throat, varies as N,‘/*. Curves were 
plotted on this basis.5 This is merely mentioned in partial 
confirmation of the authors’ conclusion. The writer considers 
that the authors in their analysis have made a useful step in 
advance. 

The practical difficulty in applying the results of such an 
analysis seems to be greater for pumps than for turbines. While 
limiting safe values of o for Francis turbines have been found to 
vary rather consistently with specific speed, so that a fairly 
definite envelope could be drawn and usefully applied in prac- 
tice, the spread of points in the field of propeller turbines is so 
great that such a curve can be used in that field only as a rough 
preliminary guide. It has been recognized that thorough 
cavitation tests for each individual design are the only depend- 
able index to safeguard a new propeller-turbine installation. 

In the pump field, however, the points, collected from various 
sources and from pumps by different builders, show so great a 
scattering throughout the entire field that it becomes a matter 
of judgment where to draw an envelope that will give reasonable 
safety in general practice. 

The writer has come to believe that a general chart for pumps 
of any and every make cannot be a safe (and at the same time 
economical) guide. Only for a particular line of pumps of con- 
sistent design characteristics can a general curve or chart be 
practically applied as a safe and useful index. For example, a 
curve forming an envelope of the zone of reasonably safe practice 
for the general run of commercial pumps is widely different from 
one representing pumps of special design, such as the class of 
highly efficient pumps furnished by several American builders 
for the Metropolitan Water District of Southern California 
and tested with great accuracy at the Pasadena Laboratory. 
The o for certain pumps plotted in the chart are as much as 
double those of other pumps of the same specific speed. The 
writer feels that the Utopia to be sought is the happy day when 
each individual pump will be tested not only for capacity and 
efficiency but for its cavitation coefficients as well. 


4 ‘*Inter-Relation of Operation and Design of Hydraulic Turbines,” 
by F. H. Rogers and L. F. Moody, Engineers and Engineering, vol. 
42, 1925, pp. 169-187. 

5 ‘The Present Trend of Turbine Development,” by L. F. Moody, 
Trans. A.S.M.E., vol. 43, 1921. p. 1134. 
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It is far more calamitous to a customer to secure a pump which 
is found to operate in the cavitating region than to lose a per cent 
or two in efficiency. When it is considered that many a pump 
might have been installed at a slightly lower elevation, often 
at no extra cost, and thereby freed from serious operating 
difficulties such as noisy and unstable operation and, still 
worse, frequent shutdowns and impeller replacements, it should 
be realized that it is at least as important to know the safe value 
of o as to know the efficiency. According to a chart, a pump may 
figure out as safely applicable to a given case, but the pump itself 
may be unaware of the fact and refuse to conform. 

It is also felt that many tests which are thought to determine 
the cavitation factor do not really do so. For example, the 
practice sometimes employed of depending on the value of ulti- 
mate capacity or “breakdown point” for a given suction head 
is not a proper criterion, as shown in Fig. 2 of this paper. Its use 
probably results in many pumps operating in the cavitating 
range. 


A. J. Srepanorr.® The fact that similarity of suction condi- 
tions as to cavitation for pumps of different specific speeds can 
be expressed by a parameter, similar in appearance to the ex- 
pression for specific speed, is interesting but, the writer feels, its 
practical usefulness is very limited. 

For the development of the connection between the cavitation 
parameters S or o and specific speed, the authors make an 
assumption that the suction conditions, or the suction absolute 
pressure above the vapor pressure when cavitation starts, remain 
the same for the same capacity, if the impeller diameter is cut 
and the speed is constant. This means that the absolute pres- 
sure at which cavitation starts will depend on capacity only or, 
since the suction passages are fixed, it will be a function of the 
velocity through the impeller eye. Furthermore, when the 
pump speed is changed, the variation of the head, capacity, and 
power is the same as when the impeller diameter is cut at constant 
speed. Therefore, with equal reason it can be stated that in this 
case also the absolute pressure at cavitation conditions is a func- 
tion of the capacity or radical velocity through the impeller eye 
only. This is confirmed very closely by actual tests on pumps of 
low specific speed, and only approximately on pumps of medium 
specific speed. 

For correlating the experimental data on cavitation of cen- 
trifugal pumps of different specific speeds, accumulated in the 
course of several years, the writer has plotted the velocity heads, 
calculated for average radial velocities at the impeller inlet 
against the total suction lift, measured at the suction nozzle, 
and referred to the pump-shaft center line. These curves were 
published’? and discussed in February, 1933. The writer has 
used these curves for several years since and has found them to be 
satisfactory for predetermination of pump cutoff capacity for 
given suction conditions for commercial pumps of low specific 
speed of about 1200 or less (single-suction pumps) when pump- 
ing water. It was found that, with pumps of low specific 
speed, the head-capacity curve dropped so suddenly under 
cavitation conditions that no decrease in efficiency or head was 
observed before the pump actually cut off. For slightly higher 
specific speeds, 1200 to 1500, a slight drop in head and effi- 
ciency was observed considerably before the maximum capacity 
was reached. For small commercial pumps this was disregarded 
as unimportant. This method of plotting the test data on cavita- 
tion was suggested by the observation that, for pumps of low 
specific speed, the maximum capacity, at constant suction condi- 


¢ Assistant Chief Engineer, Byron Jackson Company, Los Angeles, 
Calif. Mem. A.S.M.E. 

7 “Sudden Break-Off of the Head Capacity Curve, Etc.,’’ Byron 
Jackson News Letter no. 15, vol. 6, Feb. 15, 1933. 
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tions, does not change when the impeller diameter is cut. Also, 
it was found that the cutoff capacity changes very little, or not 
at all, when the speed of the pump is changed and the total suc. 
tion lift kept constant. 

This method of plotting cavitation-test data was used by 
Defeld in his book,® published in 1930. Later the writer pre- 
pared similar curves, based on the limited number of observations 
for boiling water and petroleum oils, which he has found to be 
useful in his work. 

The writer does not share the authors’ enthusiasm about the 
usefulness of the cavitation parameter S, 


because it is possible to establish a much simpler relationship be- 
tween the cavitation parameter o and the specific speed NV, 
Von Widdern® developed such a relationship over three years 
ago. He made essentially the same assumptions as the authors, 
that two impellers of different diameters and different total heads 
for the same capacity and at the same speed produce the same 
dynamic depression, or require the same suction head to suppress 
cavitation 


Ah = 


29 
where ¢,?/2g is the absolute velocity head at the impeller entrance 
and \w,?/2g is the drop of pressure below average on the back 
side of the vane, due to the power applied to water by the vane; 
w, is relative velocity at the impeller entrance; \} is an expen- 
mental coefficient similar to the lift coefficient of an airfoil. By 
definition 


For two impellers of different outside diameters otherwise ident- 
cal, operating under the same suction conditions, the following 
equation can be written 


In the expressions for the specific speed of the two impeller 
the speed N and capacity Q are the same. Therefore 


Na _ 
Na 


Combining Equations [11] and [12] we obtain 


which is the desired relationship between the cavitation parame 
ters for two impellers defined above in terms of specific spee 
Von Widdern has also published experimental data on cavitatio® 
based on a large number of observations, showing the validit 
of the relationship as given by the writer’s Equation [13], if 
difference in specific speed of the two pumps being compared § 
not too great. 

The advantages of using parameter o over the authors’ param’ 
ter S is that o has a definite physical meaning, well known © 
hydraulic engineers. Calculations when using o are simple 


8‘*A Practical Treatise on Single and Multistage Centrifue 
Pump,” by Raymond Defeld, Chapman & Hall, Ltd., London, 190 

*“On Cavitation in Centrifugal Pumps,” by H. Cardinal ™ 
Widdern, Escher-Wyss News, January-March, 1936, p. 14. 
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Besides, there are considerable experimenta! data on cavitation 
expressed in terms of o already accumulated by the pump and 
turbine designers. 

The relationship given by Equation [13] is only implied by the 
authors’ Equation [4]. By combining Equation [13] of this 
discussion and [4] of the authors’, it can be shown that the parame- 
ter S is a constant for impellers of different specific speed, 
obtained by variation of the outside diameter only. 

Both the authors and von Widdern have established the rela- 
tionship between the cavitation parameter and specific speed of 
pumps referred to the operating point. However, when specific 
speed is used as a pump-type number, this is referred to the best 
efficiency point on the head-capacity curve. When the impeller 
diameter is cut, the normal capacity for the best efficiency point 
decreases in direct ratio of impeller diameter or square root of the 


normal head. 
H 
[14] 
Qon Han 


Following Bischoff and Thoma" the cavitation parameter o for 
all points on the constant-speed head-capacity curve for con- 
venience can be referred to the normal head H,. 


Ah 


and for the same dynamic depression Ah, the ratio of the cavita- 
tion parameters for two impellers at the same capacity and 
speed but referred to the normal head will become 


The ratio of the specific speeds for the normal conditions will be 


and the ratio of the cavitation parameters in terms of the specific 
speed at the point of best efficiency will become 


It is interesting to note that, if the relationship as given by 
the writer’s Equation [17] is plotted on log scales, the curve will 
have a slope intermediate between that of the border lines on the 
Pasadena Laboratory tests reproduced in Fig. 7 of the paper and 
the curve based on the Hydraulic Institute Standards chart. 

In their attempt to demonstrate the usefulness of the parame- 
ter S, the authors go so far as to suggest “factoring” of the 
impeller suction passages from one specific speed to another. 
This evidently is not acceptable to anybody familiar with pump 
design. There is already a well-established experimental rela- 
tionship between all of the controlling impeller proportions in- 
cluding suction area, number of vanes, and entrance angles, for 
different specific speeds. This is so rigid in consistent designs 
that the ratio D,/D, of the impeller eye and outside diameters 
was used as a type number in the past in the same manner as 
specific speed is universally adopted now. To destroy these 
proportions will immediately impair the best possible pump peak 
efficiency. Besides, it is well known that the points of minimum 
pressure under cavitation conditions are located in back of the 
impeller vane, some distance from the vane inlet tips. This 


“Untersuchungen iiber das Verhalten Einer Kreiselpumpe bei 
Betrieb im Kavitationsbereich,”” by Armin Bischoff and D. Thoma, 
Mitteilungen des Hydraulischen Instituts de Technischen Hochschule, 
Munich, vol. 8, 1936, p. 56. 
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low-pressure zone in pumps of medium and high specific speed 
may extend as far as half of the vane length. Thus, if the portion 
of the impeller vanes affecting cavitation is factored, it would be 
impossible to design the outer half of the impeller to match the 
impeller suction and obtain the desired head capacity with good 
efficiency. Apparently water pumps are, and will be, designed 
for the best possible efficiency, but the selection of pumps and 
the layout of pumping plants will be made with due regard to 
cavitation conditions. 

It should be noted that the relation between the cavitation 
parameter o and specific speed, established by von Widdern, 
applies equally to hydraulic turbines. 

The authors’ paper contains a number of authoritative state- 
ments which are either contrary to the facts, or are generaliza- 
tions not justified in the light of the present state of knowledge of 
centrifugal pumps. For instance, the statement is made: ‘The 
combined influence of the changes in Reynolds’ number and in 
the relative roughness is reasonably well known through test 
results with geometrically similar pumps of different sizes and 
for different speeds, and it is to be expected that the influence of 
these factors on the cavitation behavior of a pump will be of the 
same order of magnitude as their influence on capacity, head, or 
efficiency.” Is it meant here that the effect of viscosity on the 
head, capacity, and efficiency is “reasonably well known” when 
pumping viscous liquids, such as petroleum oils? If not, why 
mention viscosity, Reynolds’ number, “fluid,” “machine,” and 
not confine the discussion to water centrifugal pumps? 

With water pumps and turbines, the question of determination 
of full-size pump efficiency from model tests, or efficiency of the 
same pump at different speeds, even when the suction conditions 
are properly adjusted, is still debatable. The difficulty lies in 
the fact that the change in efficiency with pump size and speed 
are of the same order as the accuracy of commercial testing 
instruments. 

At another point, the general statement is made that “for 
most practical cases we need not include the temperature, vapor 
pressure, or nature of the fluid in cavitation formulas or charts, 
except in so far as these factors have an effect on the type of pump 
used.” If we take petroleum oils, liquids next to water in im- 
portance in the pump business, the behavior of pumps under 
cavitation conditions is entirely different from when pumping 
water. Any formulas, charts, or test data obtained on water 
cannot be directly applied to oil-pumping problems. 

On the other hand, the writer does not see why the established 
parameter o or S, and formulas giving their connection with 
specific speed, cannot be applied with equal reason to hydraulic 
turbines, as the authors claim; or, why “the total turbine head 
and the net suction head are more intimately related, so that a 
separate consideration of suction and discharge flow conditions 
may not offer a useful approximation?” 

The fact that the lines of constant parameter S in Fig. 7 happen 
to be in “excellent agreement” as to slope of the shaded area, 
the writer considers as a plain coincidence and not a “startling 
verification” of the practical usefulness of the cavitation parame- 
ter S, because the shaded area includes a limited number of 
points obtained with pumps of different specific speeds and of 
different makes. The actual slope of the lines drawn through 
two or more points corresponding to pumps of different specific 
speeds but of the same design and make may be different from the 
slope of the bordering line enclosing the whole shaded area. 


W. M. Wurre."! The cavitation characteristics of centrifugal 
pumps have been rather neglected in the development of the 


11 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E. 
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industry. The first real step in their study was that undertaken 
by the Hydraulic Institute in order to establish recommendations 
for limiting specific speeds to eliminate troubles from vibration 
and pitting. 

The original work on this study was done without the use of 
the Thoma-Moody parameter o, the data being assembled by 
plotting specific speed against total head and drawing lines of 
constant suction conditions through the critical points. The use 
of the o-values would have aided this work materially. The 
authors have added considerably to this by their new cavitation 
parameter S. It is believed that, for low-specific-speed pumps, 
the relations set forth should be reliable. However, it should be 
emphasized particularly that at higher specific speeds the use of 
this method is apt to be in error. 

There is no assurance that the limiting value of S should be 
constant, regardless of the specific speed. The writer has plotted 
numerous pumps on the specific speed-S basis and can find no 
definite limiting value of S. On the other hand, when these same 
values are plotted on a specific speed-o basis, the curves show 
a very definite trend from specific speeds of 500 up to 10,000 
rpm, which covers the range of centrifugal, mixed-flow, and pro- 
peller-type pumps. 

Fig. 10 of the paper is a good way to present the limiting 
capacities of various suction heads. There is danger, however, 
that it would be used for pumps in the higher specific-speed range 
and, therefore, would give misleading results. 


M. Sepitue.'? The coefficient S introduced by the authors 
appears to mark considerable progress in the presentation of test 
results of cavitation in pumps. It is particularly important for 
the similitude calculations of pumps having similar inlet water- 
ways and different outside dimensions, in other words, different 
values of N,. 

As the authors have shown, the advantage which this coefficient 
offers of being independent of what happens at exit from the 
impeller holds good only for impellers where this independence is 
clearly assured, i.e., for pumps having a low or moderate specific 
speed. 

It is, therefore, not surprising that the authors of the paper have 
found by tests that S is practically independent of N, in the region 
of corresponding specific speeds. 

There exists another method of presentation which has the 
same properties as the coefficient S, as far as independence from 
the phenomena at impeller exit is concerned, but which starts out 
from an entirely different order of ideas. It is derived directly 
from the coefficients introduced by Rateau in the theory of turbo- 
machines. 

Referring to Fig. 5, it is well known that Rateau’s character- 
istic coefficients have the form 


= gH/u? = manometric coefficient........ {18] 
6 = Q/ur;? = capacity coefficient......... [19] 
H signifies the pump head and Q its capacity. There exist 


other coefficients which will, however, be ignored at this time. 

Concerning the inlet waterways of the pump, the introduction 
of a supplementary variable, the suction head, requires a new 
dimensionless coefficient to follow this variation. It is natural to 
select as the new variable the analog of the manometric coefficient 
referred this time to the pump inlet 


where hy is the pressure necessary to make the water penetrate 
into the pump. 


12 Ingenieure AM et ECP. Ingénieur a la Société Rateau, Paris, 


France. 
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It is now possible to express the variations of uo, as for example, 
those of » as functions of 5. In this study it is advisable to re 
place the variable 5 by the analogous variable 4 referred to the 
inlet diameter of the impeller 


The pressure required to make the water penetrate into the 
pump may be defined as the difference between the dynamic pres- 
sure at the pump inlet and the minimum static pressure in the 
impeller, in other words 


This head is thus independent of atmospheric pressure and of the 
temperature of the water. 


It is impossible to measure ho directly. It can be determined 
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only as a difference by measuring the suction head of the pump. 
There remains, however, the difficulty of establishing accurately 
the beginning of cavitation. 

It is known that the curve (u, 4) of a pump is strongly affected 
by cavitation as soon as the latter appears. If the suction lift is 
increased, the curves are noticeably deformed in the region of 
large capacities which is the most affected. This is due to the 


' well-known drop in pump head and to the fact that the capacity 
_ tapidly approaches a limiting maximum value. Some pumps are 
| also affected in the region of low capacities. 


If a curve of capacity as a function of suction head is plotted 


) for an opening of known properties, it is difficult to determine 
_ the point where cavitation starts to cause a reduction of capacity. 
_ For this reason the practice has been adopted of defining the suc- 


tion head as the head for which the capacity is reduced by a cer- 


' tain percentage, 5 per cent for instance. There is no difficulty in 
| establishing by tests the corresponding suction head and possible 


arguments can be easily avoided. 

The performance of a given pump can then be completely de- 
fined by the family of curves (u, 5) as a function of the parametric 
value uo, Fig. 6, and by the different curves of uo as a function of 5» 
for the desired percentage reduction of capacity for constant 
opening. The latter curves can be easily derived from points of 


) the former, Fig. 7. 


The curves uo make it possible to follow suction performance 


| under different conditions. If the suction circuit has only a geo- 


metric static suction head (mine pumps) the characteristic of the 
circuit is horizontal, Fig. 7, and if the curve uo of a pump has the 
form shown in the figure, an interruption of the flow may take 
place, either by increase, or decrease of the capacity. In the 
more general case the pump circuit has a suction head corre- 
sponding to the flow in suction pipe. The characteristic of the 
circuit will, in this case, be a parabola with its concavity turned 
downward. 


The comparison of curves (uo, 50) of different pumps gives in- 


teresting data concerning the forms of the inlet openings and of 
the impeller near the inlet. 

In order to eliminate entirely the influence of the impeller 
width at the inlet one can plot cavitation curves by referring yo 
not to the variable 59, but’ to a variable bb) = Vo/wo which is a 
direct function of the vane angle at the inlet. 

The resulting curves, the general character of which is shown in 
Fig. 8 and which have been used for a long time by the Rateau 
Company, make it possible to obtain directly interesting data 
concerning the part played in the total head by the two partial 
heads 


ho = V2/29 
w? — Wo? — Up 
he = {— — ——_.......... 23 
( 29 ) max 29 [23 | 
which is, in fact por = 52/2 


The simple form of the chart giving S as function of N, does not 
permit this separation. It is, further, necessary to know the 
relative dimensions of the impeller inlet of the tested pump. 

In particular, for axial-flow pump 


where & is a coefficient greater than one, which measures the 
ratio between the maximum velocity along the blades and the 
inlet velocity. 

This separation makes it possible to obtain directly the value of 
the velocity coefficient k. The latter is influenced by the profile 
of the waterways, the wall thickness of the inlet opening, the 
radii of curvature near the edge of the inlet, afd so on. It is 
possible to plot directly on the cavitation chart lines k = const. 


le, 
04 
the 
4 
21 
a! 
pace 
hos = Wo? 2 ce: 
o = — max — 0 Wo 
| 


162 


As the coefficient bo, as abscissa, depends only upon the shape 
of the inlet opening, the cavitation curves of pumps of different 
specific speeds are located in various regions of the chart. It is 
worth noting that in the same region of the chart are located the 
cavitation curves of entirely different pumps. At the same time, 
pumps with the same JN, can be treated in the same way though 
they may be situated in different regions of the chart. 

To sum up it might be stated that the uo-bo chart permits judg- 
ing directly the properties of the inlets of an impeller and com- 
paring inlets which are otherwise quite different, having, for in- 
stance, different values of S and N,. 

The S-N, chart possesses another inconvenience. The N, of a 
pump varies with the location of its operating point. It happens 
sometimes, despite the precautions taken by the designer, that 
the location of highest efficiency does not coincide with the loca- 
tion of maximum suction. In such cases it is necessary, to 
indicate which are the values of capacity and of head used for the 
calculation of these coefficients, and it would be for instance, il- 
logical to calculate S on the basis of values corresponding to 
location of maximum suction and N, on the basis of values cor- 
responding to maximum efficiency. 

All this, however, does not detract from the usefulness of the 
coefficient S recommended by the authors and it is quite possible 
to use both methods which complement each other. The S-N, 
chart will be especially useful for users of pumps and sales depart- 
ments, while the uo-bo charts have a greater interest for engineers. 
On the other hand one might criticize the coefficients S and N, as 
not being dimensionless and to changing their value according to 
location and the system of units used. 

It is, however, easy to select instead of S and N, analogous and 
proportional coefficients which will remain constant, provided 
that their different components are expressed in a coherent system 
of units. 

In the writer’s opinion, the value simplest to define is 

N(t/min)Q’ ‘2 


(gH)‘/* 


which can be expressed immediately by means of the Rateau 
coefficients as 


30 
Similarly, a cavitation coefficient can be expressed by 
N t/min / 
[28] 


(gho)*/* 


The coefficient N,, as defined long ago is still in current usage, 
especially in the design of hydraulic turbines. It has not yet 
gained general recognition in centrifugal-pump engineering. 
The writer hopes that the authors will make efforts to introduce, 
at least in this field and, if possible, for general use, a dimension- 
less coefficient of specific speed of the type j ust described. 


Pau. Berceron.'"? Thanking the authors for mentioning in 
their paper the application previously made in France of the 
properties they have developed, the writer wishes to remark that 
since 1931 he has frequently and satisfactorily used the principle 
of adapting the impeller of a pump known with regard to cavita- 
tion to a pump of different specific speed. The principle is exact 
and safe if the specific speed of the pump which has to be de- 
signed is lower than the specific speed of the pump taken as a 
starting point, in other words, if the impeller vanes of the new 
pump have to be made longer than those of the model pump. 


13 Ingenieur Ecole Centrale des Arts et Manufactures, Paris, 
_ France. 
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In the contrary case, the application of the principle is difficult, 
especially if it has not been preceded by tests of successive cutting 
down of the impeller of the model pump to determine the zon 
where the discharge is affected by the suction. 

except for pumps of very low specific speed, the zone affected 
by the suction is very near the outlet diameter, which latter is 
determined by the suction possibilities of the pump. In fact, it 
should be noted that the same head-capacity characteristic maj 
be obtained with two pumps of quite different outside diameter 
If these two pumps of identical specific speed are determined, th 
one which has the greater outside diameter will have a highe: 
suction capacity than the one with the smaller outside diameter 
while in general, its efficiency will be less because the frictio: 
losses will be higher. 

From this it follows that: (1) For a pump designer having 
sometimes to obtain high efficiency and sometimes to solve pro! 
lems of high suction lift, pumps of the same specific speed maj 
have quite different suction capacities. (2) Pumps with hig! 
specific speed will have a suction capacity (a capacity determine: 
by the coefficient S) lower than that of pumps with low speci! 
speed; in fact, the outside diameter of pumps with high speci® 


speed is necessarily small, which limits the possibilities of d f | 


veloping the suction passages. 

As a consequence of the great variety of problems to be solve: 
the pump designer usually establishes a considerable number 
different pumps of which many may have the same specific spee* 
but different suction capacities. For classifying these differe*’ 
types of pumps, the coefficient S (suction specific speed) becom® 
important. A pump is, in fact, entirely determined by © 
specific speed and the coefficient S. If, then, one determin 
at each point in the utilizable zone of the head-capacity cham 
teristic of each pump, the value of the specific speed n, and of * 


and if one plots for each pump on a chart the values of S 8° 
function of n, one can show in a simple diagram all type: 


pumps available to the designer with all their possible appli H 


tions. 
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Fig. 9 shows a partial abstract of a chart which has been used 
for nine years for the classification of Bergeron pumps. The 
practical value of such a chart is considerable. Normally, a 
pump to be designed is determined by the total head H, the 
capacity Q, and the suction head H,,. From these values one 
obtains 


S/n, = (H/H,,)*/* 


which is represented on a chart by a straight line, for instance, in 
a specific case, by the straight line AB, Fig. 9. All pumps situ- 
ated above this line may be taken into consideration: The pumps 
1, 2, and 3 cut by this straight line are the extreme pump types 
which can solve the problem. Each corresponds to a speed ob- 
tained from the values of 


ig 


Questions of speed (in the case of coupling with an electric 
motor), of efficiency, or manufacturing cost determine the choice 
between the several admissible types. Let it be assumed that 
pump 3 is the best suited. If the motor speed nearest to that 
given for this pump leads to values of S and n, determining the 
point C, it will be possible to build a pump strictly similar to 3 
which has the same specific speed, but a suction capacity higher 
than required. If pump 3 did not exist, it would be possible to 
start out from pump 4 by lengthening the impeller vanes in order 
to reduce the specific speed, as indicated in the example analyzed 
in detail by the authors. 

In general, it is clear that such a chart makes it possible without 
further research to utilize all the properties of the pumps which 
the designer chooses. 

In conclusion, without wishing to dwell any longer on this 


| question, it might be said that the idea of combining capacity and 


suction head with the speed, while disregarding the puinp head, 
is of great practical value because it permits the experienced de- 
signer to determine immediately at what maximum speed a pump 
of given capacity must run to produce a certain suction head. 


H.H. Anperson.'* This paper has been of particular interest 
and value to the writer. He has not used the parameter S in the 
form described by the authors but has for some time used the 
split form, as follows: Instead of 


plot N°Q against H,,, Fig. 10. 
This gives a curve 


H,2/) = 


or const = N2Q/H,,'/* = S?............. 


It is convenient to show on the charts of N?Q the permissible 
suction conditions of the Hydraulic Institute (American) so that 
particular test points can always be compared with quoting 
standards. 

The plotting of Hydraulic Institute limits to a basis of N°Q 
indicates readily the variation in permissible suction lift due to 
increase of total head for a given value of N°Q. This variation is 
mentioned by the authors: “For the present the additional 
assumption is that changes in the outer waterways . . .do not affect 
flow conditions in suction passages. . .” 

It will perhaps be useful to see the nature of these variations 


'* Chief Hydraulic Designer, The Harland Engineering Company, 
Limited, Alloa, Scotland. 
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from the suction chart based on N*Q. The writer hopes therefore 
N°Q = H,,’/* 


will be of interest to the authors in emphasizing the practical 
value of their paper. 


that his use of 


AvuTHorRs’ CLOSURE 


Before answering the various discussions the authors wish to 
call the reader’s attention to the fact that the numbers and titles 
of Figs. 8 and 9 of the paper must be interchanged in order to 
agree with the illustrations. 

The authors wish to thank all those who have given of their 
time and knowledge in presenting discussions of this paper. 
There can be no doubt that these contributions from such an 
outstanding group of engineers form a most valuable addition to 
the literature on the cavitation problem in general. 

Because many of the points brought out in the various dis- 
cussions have been answered in one or more of the other discus- 
sions, the authors will restrict the closure to those important 
points which remain answered only partially or not at all, and to 
those points which it will be helpful to reemphasize. In par- 
ticular the relative merits of the o- and S-representations and their 
practical usefulness have been well presented in the discussions by 
Bergeron, Sedille, and Anderson, and require no amplification. 

Mr. Macmeeken in the first part of his discussion analyzed the 
effect of changes in the impeller inlet diameter on the cavitation 
performance of the pump. Unfortunately his careful derivations 
are based on a fundamental misunderstanding of the text. As 
stated in connection with Equation [8] of the paper the relation 
S = const must necessarily be true only if the inlet flow conditions 
are similar. However, if for the same speed of rotation and 
capacity the inlet diameter is increased, the flow conditions cannot 
remain similar because the peripheral velocity at the eye of the 
impeller increases while the flow velocity through the eye de- 
creases. Hence, a discussion of the effect of a change in the inlet 
diameter based on the equation S = const contains from the 
beginning a contradiction and must necessarily lead to a contra- 
ditcory result. 

Neither o nor S have but one value for a given specific speed. 
As brought out in the discussion by Bergeron their variations 
under otherwise constant conditions classify the respective 
pumps with regard to their cavitation performance in the same 
way as pumps are classified by their specific speeds with respect to 
speed, head, and capacity. The classification according to the 
values of S, however, is approximately independent of the specific 
speed, while a classification with respect to o has a meaning only 
if quoted together with the specific speed. By calculating the S- 
values for the cavitation points at the conditions given on the 
curves presented by Mr. Macmeeken, it is found that the second 
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DISCUSSION 


example refers to a pump specially designed for high-suction 
qualities while the other two pumps represent cases of average- 
suction performance. The comparison on the basis of the respec- 
tive S-values has the advantage that it shows whether the design 
of the inlet can or cannot be similar and in which general respects 
the designs must differ. Had these tests however been made at 
different instead of the same speeds or on pumps geometrically 
similar to the ones tested (but of differing physical dimensions), 
the comparison would not have been so directly obvious but 
would have been made evident by the simultaneous comparison 
of the values of ¢ and N,, or by the comparison of the S-values 
alone. It is indeed in the very nature of the parameter S that 
any changes in the form of inlet design and flow conditions are 
reflected by corresponding changes in S, while geometrically 
similar or perfectly equivalent inlet flow conditions are charac- 
terized by the same value of S. 

The authors have not found that the relation between the net 
inlet head H,, and the inlet diameter can be expressed generally 
by Mr. Macmeeken’s Equation [6], which equation leads to the 
conclusion, that, other factors being constant, the inlet head at 
breakdown is inversely proportional to the first power of the eye 
diameter. On the other hand it is noted that Mr. Macmeeken 
independently arrived at Equation [7] which is equivalent to the 
fundamental relation derived in the paper. It may be of interest 
to compare Equation [7] of the discussion with Equation [14] of 
the paper because the latter in connection with Equation [lla] 
may be written in the form 


which has the same structure as his Equation [7]. 

Mr. Macmeeken’s caution regarding the use of the parameter S 
seems to be based largely on the previously discussed misunder- 
standing regarding the effect of changes in the impeller diameter. 
Beyond that the authors should like to refer in this respect to 
Fig. 12 of their closure and to the discussions by Bergeron, 
Moody, and White. 

Regarding the discussion by Professor Moody the authors 
would like to point out that much of his collection of empirical 
cavitation-limit points has been included in the accompanying 
Figs. 11 and 12. It is interesting to note that again the four- 
thirds-power relation between o and N, has been derived previ- 
ously by somewhat different methods, apparently indicating that 
this relation is a fundamental one. 

The latter fact is once more borne out in the discussion by 
Stepanoff quoting a publication by von Widdern. Equation [9} 
of this discussion has been investigated in the past at the Pasadena 
Laboratory and has also been used by Spannhake in Germany. 
The subsequent method of deriving the four-thirds-power rela- 
tion between o and N, is interesting but not fundamentally dif- 
ferent from that given by the authors. 

Referring the o-values of a pump only to the pump head at best 
efficiency, H,, was the procedure originally used at the Pasadena 
Laboratory, but was dropped for practical reasons. The derived 
relation of Equation [17] of the discussion is indeed interesting 
but can be misinterpreted too easily if the underlying definitions 
are momentarily overlooked. 

The authors do not agree with Mr. Stepanoff regarding the fact 
that all controlling impeller proportions are so well established 
as to prohibit some changes in the inlet dimensions without corre- 
sponding changes in the remaining dimensions. Such changes if 
carried out by an experienced pump designer have been found to 


4 be possible without adverse effects on the efficiency. Naturally, 


however, if such changes are carried too far they will ultimately 
reduce the efficiency of the pump, but such sacrifices are made 
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rather frequently in order to obtain exceptional suction perform- 
ance or a minimum over-all cost. 

The authors naturally made sure that the agreement between 
the shaded area and the lines S = const in Fig. 7 of the paper was 
not just a coincidence. This was borne out by individual points 
within the area obtained with pumps furnished by the Worthing- 
ton Pump and Machinery Corporation. The agreement shown 
in Figs. 7 and 12 is considerably better than the authors originally 
expected, and in view of the great simplicity of the underlying 
principle may well be considered as a startling one. 

Mr. Stepanoff’s objection to the inclusion of cavitation-per- 
formance data on water and all oils in one consideration is well 
founded, inasmuch as the derivation in the paper is based on fluids 
with well-defined vapor pressures. In other words, the state- 
ments made apply principally to one-component liquids, a condi- 
tion met by but few of the petroleum derivatives. However the 
discrepancy, with the proper determination of the “head above 
vapor pressure,” is slight and usually well on the side of safety. 
For highly viscous liquids the failure to hold similar flow condi- 
tions between the highly viscous liquid and the nonviscous liquid 
in geometrically similar inlet passages immediately precludes the 
possibility of bringing them into one consideration. 

Concerning the application of the factor S to turbines, the 
authors wish to point out that the basic principles apply equally 
to pumps and turbines, but they are not certain at present 
whether or not results will be equally valuable. 

The discussion by Dr. White must be considered as a particu- 
larly valuable one because of the large amount of test data and 
general experience backing his statements. Figs. 11 and 12 are 
intended to answer the question as to the relative appearance of 
a plot of o- and S-points, respectively, using N, as a common 
abscissa. Because of the rigid mathematical relation between o, 
N,, and S expressed by Equation [14] of the paper, both plots 
(o-N, and S-N,) have to be equally consistent. Regarding the 
collection of points given, the authors wish to emphasize that this 
collection intentionally covers a wide variety of designs with 
greatly differing dates and places of origin. (Only condensate 
pumps and process pumps for extremely low inlet pressures have 
not been included because the cavitation limits for such pumps 
are defined in a different way than for pumps of standard applica- 
tions and therefore would show misleading extreme values on the 
diagram.) If only pumps of a consistent series of designs were 
included the resulting scatter of points doubtlessly would be 
considerably reduced. On the given diagrams this scatter is 
further increased by the fact that the points are limits of “‘safe” 
operation, which are more difficult to determine than the ulti- 
mate-breakdown limits. 

It is appropriate to call for caution in the use of any diagram 
such as shown in Fig. 10 of the paper. In view of the collection of 
points shown in Fig. 12 such a diagram however, may be used for 
a quick estimate of cavitation limits over a wide if not the whole 
range of specific speeds. This fact is illustrated by line A-C in 
Fig. 11, representing a constant value of S = 7800, on which 
value the whole diagram of Fig. 10 of the text was based. As 
pointed out by Professor Moody no diagram or general equa- 
tion can be expected to give exact cavitation limits for given de- 
signs. For such purposes the experimental method doubtlessly 
will continue to form the only reliable basis for considerable time 
to come. 

The coefficients used in the discussion by Dr. Sedille are 
physically equivalent to the coefficients S,, and to the ratio S,/S, 
introduced in the paper. The latter ratio was used by the 
authors when these methods were originally presented before the 
Hydraulic Institute. It was not included in this paper because 
the authors wished to maintain a complete analogy between their 
coefficients and the coefficients already in general use by centrifu- 


= 
o= X gin X 
~ 
5 


166 TRANSACTIONS OF THE A.S.M.E. 


gal-pump engineers with respect to pump head and capacity. 
For the same reason the authors did not use the strictly dimen- 
sionless form of the new coefficients but they fully agree with Dr. 
Sedille that such a dimensionless form of all pump coefficients 
would be highly desirable to use, particularly in international 
communications. 

The form of representation described by Dr. Sedille refers in par- 
ticular to questions of pump design by including design data of 
the impeller. On the other hand the authors as well as Dr. Ber- 
geron have focused their attention in this paper primarily on the 
question of performance characteristics rather than design char- 
acteristics. The purpose of this restriction was to make the 
present paper more concise and easier to understand than would 
have been possible had a discussion of design characteristics been 
included. The authors naturally have already extended their 
investigations into the latter field and find Sedille’s contribution 
in this direction most helpful and appropriate. The authors 
have been informed that promising work along the lines men- 
tioned in this discussion has already been in progress for consider- 
able time at the Pasadena Laboratory. 

Regarding the details of Dr. Sedille’s discussion the authors 
merely wish to point out that the use of Equation [22] seems to 
require further theoretical investigation with respect to the rela- 
tive flow conditions in radial-flow impellers. They feel that the 
rotational character of the relative flow may require some modi- 
fications of this equation. 

As pointed out in the paper, Dr. Bergeron already has used the 
parameter S for a considerable number of years. His discussion 
therefore, presents a mature and elegant interpretation of this 
parameter. Bergeron points out that the performance of any 
pump is completely defined by two parameters, N, and S, so that 
the performance of all pumps can be represented in a two-dimen- 
sional field, i.e., on an S-N, diagram. By the sample given he 
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indicates that the performance of every pump is described by 
curve on this diagram, and he shows how a collection of such 
curves, corresponding to the points on Fig. 12, can be used for the 
selection of a pump for given operating conditions. The two 
parameters N, and S may not be completely independent of each 
other, depending on the behavior of S as a function of N,. Ber- 
geron is of the opinion that, for high and medium specific speeds, 
S tends to increase only if N, is reduced. This statement is 
probably true if, as he assumes, the pump of higher specific speed 
is developed from the pump of lower specific speed by a reduction 
in the length of the vanes. However, the specific speed may be 
increased also in different ways such that the average vane 
pressure decreases, in which case the change of S as a function of 
N, may not follow the trend given in the discussion. The authors 
therefore feel that this relation between S and N, depends 
entirely on the method of design by which the changes in N, are 
produced. In addition to a certain freedom of choice on the part 
of the designer this method will depend largely on the type of 
pump, i.e., the range of specific speeds in question so that the 
trend of changes of S as a function of N, may not be the same for 
the whole range of specific speeds. Finally it has to be pointed 
out that Bergeron’s conclusions apparently are derived on the 
basis of cavitation limits directly related to the ultimate cavita- 
tion breakdown (ultimate capacity) of the pump. His conclu- 
sions might have been different if the considered cavitation limits 
were based on the conditions under which the influence of cavita- 
tion begins to be noticeable. Generally speaking it is therefore 
necessary to state always the type of cavitation limit considered 
in order to define completely the physical meaning of subsequent 
conclusions. 

The discussion of Mr. Anderson is very helpful and once more 
confirms the fundamental four-thirds power relation derived in 
the paper and so frequently appearing in the discussions. 
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A Supersensitive Governor for 
Hydraulic Turbines 


By W. M. WHITE,' MILWAUKEE, WIS. 


A supersensitive governor is defined in this paper as 
one that will move the gates of a hydraulic turbine in 
the corrective direction by reason of a change of speed 
of 0.02 per cent and will then move the gates back by 
reason of a change of the speed back to the former speed. 
The author outlines the elements essential to a super- 
sensitive governor in order to accomplish this fine degree 
of regulation. The application of these principles to 
governor design is then outlined. 


HE essential elements in a supersensitive governor, as 

defined, to accomplish the fine degree of regulation of the 

gates of a hydraulic turbine, as well as for governing the 
- turbine under other conditions, are: 

1 A frictionless, sensitive, powerful flyball. 

2 Means for causing rotation of the flyball in exact ratio to 
the rotation of the turbine shaft or, as an alternative, in exact 
ratio to the cycles of the system. 

3 Means for translating the minute axial motion of the fly- 
balls, due to a change of speed of 0.02 per cent, to proportionate 
movement of the turbine gates without causing an opposed force 
to the axial movement of the flyball sufficient materially to affect 
the ratio of speed and axial motion of the flyball when free. 

4 Means for causing a predetermined droop in speed in pro- 
portion to the gate opening of the turbine. 

5 Momentary means for increasing greatly the ratio of speed 
change to gate motion on sudden changes of load, thus making 
use of the connected flywheel effect for stabilizing the speed dur- 
ing the slowing up of the rate of movement of turbine gates to 
prevent disastrous pressure changes, caused by the inertia of the 
water columns to and from the turbine. 

The frictionless flyball of the supersensitive governor is a com- 
bination of springs and weights so related that movement of the 
actuating stem of the flyball is caused by the flexure of the springs 
without any moving joints. The centrifugal force of two revolv- 

_ ing flyballs is resisted by coiled springs between the two, and this 
combination is driven and supported by multiples of flat steel 
springs between the fixed driving head and the flyball weights. 
_ Axial motion to the floating collar is imparted by other multiple 
flat springs fixed between the flyballs and the axially moving col- 
lar which is supported only by, and revolves in, a sleeve bearing. 
The axially moving collar surrounds but does not touch the sup- 
_ porting shaft between the fixed driving head and a lower bearing. 


| The axial motion of the floating collar is imparted to a pilot-valve 
~ stem through a slot and hole in the governor shaft, being held in 
» Position at its upper end only by the connection to the axially 


_ moving collar and at its lower end by the bearing of this revolving 


pilot valve in its ported sleeve. By this combination is secured a 


mers Manufacturing Company. 


’ pilot valve rotating in its sleeve and the actuating collar revolving 


» nits sleeve bearing, thus having no friction to axial motion im- 


‘Manager and Chief Engineer, hydraulic department, Allis-Chal- 
Mem. A.S.M.E. 

: Contributed by the Hydraulic Division and presented at the An- 
" tual Meeting, Philadelphia, Pa., December 4-8, 1939, of Taz Amert- 
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parted by flexure of multiple springs rigidly fixed to the flyball. 

Therefore, the force produced by the weights of the flyball 
under minute speed changes are translated to the rotating pilot 
valve with only the resistance of the molecular friction of the 
springs and the floating rotating spring support. 

The sensitivity of the flyball is secured by driving it at the high 
speed of 900 rpm. Because of this high speed and terrific power of 
the flyball weights at this speed, the slightest change of speed 
provides sufficient power to give immediate movement to the 
pilot valve. A powerful flyball is secured by making the flyball 
and particularly the weights of such size that a minute change of 
speed supplies considerable energy to move the pilot valve. 

The curve shown in Fig. 1 gives the ratio of a change of speed 
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Fic. 1 Enercy Curve ror 900-Rpem SupERSENSITIVE FLYBALL 
and force at the pilot valve. From this curve, it may be seen that 
the range of the flyball is through a speed of 10 per cent above 
normal down to 10 per cent below normal and that the power of 
the flyball is 35 lb on the stem, when the stem is held in a position 
of normal speed and the flyball speeded up to 10 per cent above 
normal speed. When, however, a change of speed of 0.02 per 
cent takes place, it produces a force of 0.05 lb on the pilot valve. 
Because of the requirement of action within a very small speed 
change, the force from the flyballs to move the pilot valves is 
greatly reduced and means for amplification of this force is shown 
hereafter. The transverse coil spring provides means for adjust- 
ing the flyballs to the desired range of speed change of the flyball 
for maximum travel of the pilot valve. A more detailed de- 
scription will now be given so that the action of the flyball may 
be followed by reference to Fig. 2. 


DESCRIPTION OF FLYBALL-GOVERNOR MECHANISM 


In Fig. 3, the upper fixed support of the flyball (4) is rigidly 
doweled to the driving motor shaft and held in position by the 
bearings of the motor. Between the movable flyball support (21) 
and the fixed support (4) are supported the flyball weights (13) 
by flexible springs (14) as indicated. Support (21) revolves in 
the sleeve bearing (25), also shown in enlarged detail in Fig. 4. 
The flat springs (14) act only as connecting members between 
the flyball weights, the fixed support, and the movable support. 
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Transverse springs (11) serve to hold the flyballs in fixed position 
for a given speed. The moving parts are held in the axis of rota- 
tion by the shaft (5), one end of which is doweled to the motor 
shaft, the other end being supported in a lower bearing located 
centrally of, but not touching, the axially moving support (21). 
The shaft (5) is bored to carry within but not to touch the pilot- 
valvestem. It is also slotted, through which a cross pin fixes the 
axially moving collar (21) to the pilot valve. 

By means of the double sleeve bearing (25), shown in Fig. 4, 
supporting the shaft (5) and support (21) apart from each other, 
static friction is thus avoided which is one of the essential features 


cp Maw vos of this flyball. It is this double bearing feature which makes the 
HypRAULIC-TURBINE GOVERNOR flyball frictionless in respect to the actual motion of the pilot 
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valve and enables such fine degree of regulation to be secured. 

A properly designed and proportioned belt-driven flyball has 
heretofore provided a degree of regulation within 0.5 per cent 
but, as the demands for closer regulation have increased, a more 
exact ratio of speed of flyball to rotating turbine shaft has been 
necessitated, or a more exact ratio of the speed of flyball to the 
cycles of the system. 

A separate generator for driving the motor-driven flyball is the 
best known means at present of maintaining a fixed ratio between 
the flyballs and turbine shaft. Transformers connected to the 
system for driving these flyballs is the best known method of pro- 
viding a fixed ratio between the speed of the flyballs and the 
cycles of the system. A fine degree of regulation has been at- 
tained by both of these methods. The author believes that the 
latter method will ultimately prove to be preferable for main- 
taining the exact ratio between cycles of the system and rotation 
of the flyball essential to the most perfect regulation. As the 
load changes and, particularly, as the power factor of the gener- 
ator changes, as it does during the load change and during the 
power-factor change, a difference occurs between the normally 
fixed ratio of rotation of turbine shaft and cycles of the system 
because the pole pieces take up different positions under the 
foregoing conditions with respect to the rotating field. It is true 
that this difference is minute but, since we are straining for the 
most minute regulation possible, it may be that we will have to 
have that definite relation between rotation of flyball and cycles 
of the system which is afforded by using transformers for driving 
the motor-driven flyballs. 

Means for translating the minute axial motion of the flyball 
collar, caused by a change of speed of 0.02 per cent with little 
resistance to its movement, comprises a pilot valve '/, in. in 
diam, controlling admission of oil pressure to two sides of a 
2'/,-in-diam piston. The diameter of the piston is made small so 
that only a minute volume is displaced by a movement of the 
pilot valve corresponding to a change of speed of 0.02 per cent. 
The reaction around the sharp edge of the pilot valve and its 
corresponding port which causes axial force on the pilot valve is, 
of course, in proportion to the velocity through the port, the 
amount of opening of the port, and the diameter of the valve. 
By making the diameter small, the volume and consequently the 
velocity is kept so low as to avoid unfavorable reactions. 

By this hydraulic multiplication, the axial force is multiplied 
1000 times for use in moving the main pilot valve of the governor. 
The piston follows the pilot valve so closely that measurements 
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made show a difference between the position of the two in nor- 
mal operation not greater than 0.001 in. The pilot valve (15), 
Fig. 3, coacts with a combined sleeve and piston (16) having ports 
(17) and (18). In the old type of governor, the flyball spindle 
was directly connected to the floating lever at point (19). This 
hydraulic multiplying device gives the required force at the point 
(19) to operate the floating lever of the governor with the minute 
speed change. 

Fig. 2 is a diagram of a governor in which the supersensitive 
flyball is illustrated at A, the multiplying device at B, and the 
means for causing speed droop at C. The essential elements of 
the remaining parts of the governor are the same as heretofore 
used, except that the restoring mechanism is made unusually 
rigid to provide for an exactness of motion which will permit di- 
vision of load between the units when the speed droop is of the 
order of 0.5 per cent. 

Fig. 6 gives the plottings of simultaneous recordings of fre 
quency and shifting stroke of a supersensitive-governor installs- 
tion. From these curves it is readily seen that the gate motion 
follows a change of frequency of 0.02 per cent. 

The supersensitive governor, by reason of its fine degree of 
regulation, provides for a division of load between such units with 
much less speed droop than has heretofore been secured in prac: 
tical operations. It is believed that the supersensitive governor 
will afford an additional means of operating systems in parallel 
with one another over tie lines of less kilowatt capacity than 
either of the interconnected systems. 

Reference is made to Kig. 7, in which the five blocks represent 
five hydroelectric systems which are interconnected by four tie 
lines as indicated. The supersensitive governor provides meats 
for moving the gates of all of the turbines in all of the stations 
simultaneously with a speed change of 0.02 per cent. The speed 
droop of the governors in each of the systems may be made dil: 
ferent from that of the others to cause such relative change 0! 
gate in each unit in the system as will result in a minimum change 
of power in the connecting line. 

Because of the sensitivity of the governor, the speed droop: 
may be set as low as 0.1 per cent in some groups with fair divisio? 
of load between units and as high as 6 per cent in another grou? 
to provide a large gate movement for a given change of speed i2 
one group with a resulting smaller change of gate opening ® 
another unit of the system. 

The possibilities of the supersensitive governor for the regul* 
tion of systems of tie lines have not been fully explored. 
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Power Swings in Hydroelectric Power Plants 


By W. J. RHEINGANS,? MILWAUKEE, WIS. 


Power swings chargeable to hydraulic turbines have been 
found in hydroelectric plants built as far back as 1912. 
However, it has only been during the last ten years that 
much thought has been given to such swings, their char- 
acteristics, source, and elimination. The purpose of this 
paper is to supply technical data on the subject and to 
start such discussion as may lead to a better understand- 
ing of the problem. The paper shows that power swings 
are due to draft-tube surges. It deals with the character- 
istics of such surges, their relation to power swings, the 
elimination of surges and power swings in the field, if 
necessary, and a consideration of the factors of the design 
of a hydroelectric unit which will prevent small draft-tube 
surges from producing excessive power swings. However, 
the paper does not present a theoretical analysis of the 
true origin or source of draft-tube surges, which is a mat- 
ter for further observation and study and for future dis- 
cussion. 


HE power swings referred to in this paper are the 

fairly regular swings readily apparent in hydroelectric 

power plants on the switchboard indicating instruments, 
such as the ammeters indicating generator-armature current and 
the indicating wattmeters. A distinction is made between power 
swings and load swings in that the former is defined as being a 
pulsation in power output of a generating unit, while a load 
swing is the fluctuation on a transmission and distribution sys- 
tem due to change in load demand. 

Power swings may be identified by their regularity and fre- 
quency, which is roughly one third of the speed of the unit. Thus 
they are too fast and too regular to be accounted for by any of 
the usual normal changes in demand for load. The amplitude 
of the power swings may be anywhere between 5 per cent to 
practically 100 per cent of the output of the unit. Such swings 
are found only in connection with Francis- and_propeller- 
type turbines, which eliminates impulse turbines from con- 
sideration. 

Although power fluctuations can be produced by governor 
hunting, those which are to be discussed occur with the turbine 
guide vanes held in a fixed position, either mechanically or by 
the governor. 

Power swings in hydroelectric power plants are not a new 
occurrence of recent years, since they are found in plants built as 
far back as 1912. In those days they attracted but slight atten- 
tion because they were causing no trouble and were not considered 
harmful to the operation of a power system. Today, with the 
development of long transmission lines, power swings, while 
actually having caused trouble in only a few cases, are sometimes 


' The field data used in this paper were obtained from a number of 
confidential sources. For the purposes of this paper, therefore, it has 
been deemed both undesirable and unnecessary to reveal the identity 
of the plants used as illustrations. 

* Test Engineer, Hydraulic Department, Allis-Chalmers Manufac- 

turing Company. Mem. A.S.M.E. 
Contributed jointly by the Hydraulic Division and Power Divi- 
sion and presented at the Annual Meeting, Philadelphia, Pa., 
December 4-8, 1939, of Tue AMERICAN Society OF MECHANICAL 
ENGINEERS, 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


suspected of being the source of increased transmission-line insta- 
bility. 


SENSITIVE SwiTcHBOARD INDICATING METERS DEVELOPED 


One factor responsible for centering attention upon power 
swings recently has been the development of sensitive electrical 
switchboard indicating meters which have very little damping 
effect. The meters in the older plants were quite sluggish, thus 
minimizing any existing fluctuations. The newer meters are 
built for greater accuracy and greater sensitivity; thereby, the 
damping effect has been reduced. They will overtravel during a 
quick power change, the overtravel being particularly pronounced 
when there are comparatively rapid and regular fluctuations in 
power output. Units having any tendency toward swings cause 
the meters to indicate greater power fluctuations than actually 
exist. Tests at one plant showed that the indicating meters were 
overtraveling 20 to 30 per cent during power fluctuations. 

This is not meant as a criticism of the electrical meters, since 
they function correctly under ordinary circumstances and do not 
overtravel for slow changes. It does mean that in many cases 
the overtravel of sensitive switchboard indicating meters calls 
attention to power swings which, under other circumstances, 
would be disregarded. 

However, sensitive undamped meters do not account for the 
several cases during the last ten years where the magnitude of 
the power swing was so great as to make it impossible to keep the 
units in parallel with other units on the line. It is therefore only 
natural that engineers are giving more and more thought to locat- 
ing the source of power swings and to their elimination or preven- 
tion. 

A search of the literature on the subject shows practically no 
mention of power swings as thus defined. During some of the 
discussions at National Electric Light Association meetings about 
ten years ago, power swings were mentioned as a probable con- 
tributory source of electrical instability, but no effort was made 
to analyze them in detail. Therefore, it was thought a paper at 
this time on the characteristics, source, elimination, and preven- 
tion of power swings, based on ten years’ experience in their 
observation, study, and analysis, would be a valuable contribu- 
tion to the art. 


Power Swincs CLoseELyY RELATED TO Drart-TUBE SURGES 


There is now no longer any question but that power swings, 
such as are chargeable to the hydraulic turbine, are closely related 
to and dependent upon surges in the draft tube. This is defi- 
nitely established from the characteristics of the swings and of 
the draft-tube surges. 

Draft-tube surges do not occur in all turbines. Where they are 
absent, there are no power swings that are chargeable to the 
turbine. 

Power swings are accompanied by surges in the draft-tube 
vacuum or pressure of exactly the same frequency and by an 
audible swish in the draft tube of similar frequency, Figs. 1 
and 8. 

Power swings always occur over a short range of gate openings. 
They build up quickly to a maximum amplitude and disappear at 
higher or lower gate openings. Fig. 2 shows a typical curve of 
amplitude plotted against per cent gate opening. The surges in 
the draft-tube vacuum or pressure follow this same tendency of 
building up to a maximum at the same gate opening at which the 
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(At gates below 35 per cent and above 65 per cent, power swings and draft- 
tube surges disappeared, therefore, no frequencies could be noted.) 


maximum power swing occurs. The same is true of the audible 
swish in the draft tube. 

The range of frequency of the power swings eliminates the 
possibility of their being a direct function of the turbine speed in 
combination with the number of guide vanes or runner vanes. 

The deciding factor, however, is that the power swings can be 
eliminated or greatly reduced by admission of air to the draft 
tube, or by making physical changes in the draft tube, thereby 
changing the flow conditions. This would not be possible, how- 
ever, if the power swings were not dependent upon the draft- 
tube surges. 

The manner in which the draft-tube surges produce the power 
swings is as follows: The fluctuations in draft-tube vacuum or 
pressure cause a fluctuation in the effective head on the turbine 
and thereby cause a fluctuation in the discharge. The fluctua- 
tions in discharge then produce a further fluctuation in penstock 
pressure due to water hammer. This is proved by the fact that 
draft-tube surges are always accompanied by penstock pressure 
fluctuations of similar frequency. In short penstocks the am- 
plitude of the penstock fluctuation is small. In long penstocks 
the amplitude is always an appreciable amount and, under certain 
conditions of length of penstock as related to frequency of 
fluctuation, may assume serious proportions, Fig. 3. Since the 
elimination or change of draft-tube surges always eliminates or 
changes the penstock pressure fluctuations, it is certain that the 
draft-tube surges produce the penstock pressure fluctuations and 
not vice versa. 

Observation has shown that the penstock pressure fluctuations 
are usually in phase with the draft-tube surges. As the vacuum 
in the draft tube increases, the penstock pressure increases and 
vice versa. Thus the penstock pressure fluctuations may com- 
bine with the draft-tube surges to create a change in head on the 
turbine, which produces a variation in torque on the runner. 
Since the turbine is connected to a generator, the electrical con- 
nection of which to a transmission system is in the nature of 
a spring, it is apparent that a regular variation in torque on 
the turbine runner can produce a corresponding oscillation in the 
generator output. 


MAGNITUDE OF PowER SwINcs 


The magnitude of the power swings also depends upon the re- 
lation between the frequency of the draft-tube surges and the 
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natural frequency of oscillation of the generator connected to 
the power-transmission system. By causing a fluctuation in the 
torque on the turbine runner, the draft-tube surges will impress 
corresponding variations on the generator output. The gener- 
ator connected to the transmission system has a natural frequency 
of its own which should not be confused with the alternating- 
current frequency of the system. Since the electrical connection 
between the turbine and the transmission system is in the nature 
of a spring as noted, the unit, when tied to the transmission sys 
tem, will follow the laws of vibration. These laws state that 
a periodic disturbing force will produce forced vibrations in 8 
vibrating body and that the amplitude of the forced vibrations 
will depend upon the magnitude of the disturbing force and upon 
a magnification factor. As the name implies, the magnification 
factor is a multiplier, applied to the amplitude of vibration, whieh 
amplitude corresponds to the disturbing force acting upon 4 
vibrating body. The size of the magnification factor depends 
upon the amount of damping in the vibrating body and upon 
the relation between the frequency of the disturbing force and the 
natural frequency of the vibrating body. 

When the periodic disturbing force has a low frequency com- 
pared with the natural frequency of vibration of the vibrating 
body, the magnification factor approaches unity. When the dis 
turbing force has a very high frequency compared to the 
natural frequency of the vibrating body, the magnification factor 
approaches zero. However, when the frequency of the disturbing 
force approaches the natural frequency of the vibrating body, the 
magnification factor becomes very large. This relation is illus 
trated in Fig. 4, where the magnification factor is represented ass 
function of the ratio between the disturbing-force frequency and 
the natural frequency of the vibrating body. 

The amount of damping in the vibrating body also affects the 
value of the magnification factor, especially when the disturbing 
force approaches resonance with the natural vibrations of tht 
vibrating body. This is illustrated in Fig. 4, where the magnifics 
tion factor approaches infinity at resonance, when there is ze” 
damping. 

In the case of a hydroelectric unit, the draft-tube surge is tht 
periodic disturbing force and the rotating element of the turbit 
and generator connected to the transmission system is the vibri* 
ing body. This presents a problem similar to that of a pulsatic® 
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in power where an internal-combustion engine (reciprocating 
drive) is used to drive a generator. 

At this point, it should be emphasized that, in making this 
comparison, the vibrations of the rotating element refer to an 
oscillation in the speed of the rotating parts and do not refer to a 
mechanical vibration of the unit. 

In the hydroelectric unit, when the frequency of the draft-tube 
surge approaches the natural frequency of oscillation of the 
generator connected to the transmission system, the magnification 
factor will be large and a small fluctuation in torque on the runner 
can produce a very large forced swing in generator output. It is 
acondition of this sort, combined with low damping in the gener- 
ator, which produces power swings approaching the full rated 
output of the turbine. 

Damping in a generator may be increased by use of amortisseur 
windings which would reduce the magnification factor and thus 
prevent serious power swings. However, it should be noted that 
damping is effective only when the disturbing force is near reso- 
nance with the natural vibrations of the vibrating body. When 
the frequency of the disturbing force is more than 30 per cent 
higher or more than 30 per cent lower than the natural frequency 
of the vibrating body, damping has very little effect on the 
magnification factor. Therefore, so long as resonance conditions 
are avoided, it is not practical to increase the damping of the 
generator for the sole purpose of reducing possible power swings. 

The author knows of only one case in which the combined 
draft-tube surge and penstock-pressure fluctuation was of suffi- 
tient magnitude to produce a fluctuation in torque on the runner 
corresponding to a power fluctuation greater than 10 per cent of 
the rated turbine output. In this one exceptional case, the 
fluctuation in torque on the runner was 30 per cent of the rated 
output, but the frequency of the torque fluctuation was so high 
compared to the natural frequency of the generator that there 
were no power swings, Fig. 3. In those cases, where the power 
swings exceeded 10 per cent of the rated turbine output, the 
fuctuations in torque were being multiplied due to conditions 
‘pproaching resonance. 


PREVENTING RESONANCE TO ELIMINATE Power Swincs 


Thus, if it is possible in the design of a hydroelectric unit to 
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prevent resonance conditions, the possibility of obtaining large 
power swings will be eliminated. In order for the designer to 
determine whether a condition of resonance will be approached in 
a proposed, hydroelectric unit, he must know the frequency of 
the draft-tube surges, if present in the proposed turbine, and the 
natural frequency of the generator as connected to the transmis- 
sion system. The frequency of the draft-tube surges can be 
determined approximately from an empirical formula based upon 
the following observations: 

In one case the speed of the turbine was varied while carrying a 
water-rheostat load and the frequency of the draft-tube surge 
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was determined for various speeds. The results of this test are 

shown by the curve Fig. 5, indicating that the frequency of the 

draft-tube surge varies directly with the speed of the turbine. 
Based on extensive data obtained from various sources, it was 
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can change both, in order to prevent such resonance conditions. 

If the designer changes the speed of the unit but finds it desira- 
ble to retain the same regulating constant, a change in WR? of 
the unit will have to be made. With the regulating constant un- 
changed, the natural frequency of the generator will remain the 
same but the draft-tube surge frequency will change, due to 
the change in speed of the unit. 

If it is found possible to change the regulating constant as well 
as the speed of the unit, a change in speed would accomplish both, 
without requiring any change in the WR? of the unit. This 
would be desirable because a change in speed in this case would 
have opposite effects upon the draft-tube surge frequency and 
upon the natural frequency of the generator. For example, a 
decrease in speed of the unit would decrease the draft-tube surge 
frequency as indicated by Equation [1], and would also decrease 
the regulating constant C, as indicated by Equation [4], provided 
the WR? remains unchanged. 

However, a decrease in the regulating constant would increase 
the natural frequency of the generator as indicated by Equation 
[8| and, thereby, the net effect of a change in speed would be 
away from resonance conditions. 

If it is undesirable to change the speed of the unit, the regulat- 
ing constant would have to be changed by changing the WR? of 
the unit. This would change the natural frequency of the gener- 
ator but not the frequency of the draft-tube surges. 

The regulating constant C used for the various hydroelectric 
installations has no fixed relation to the turbine size, output, 
speed, or head on the turbine. It does depend upon the type of 
turbine, the transmission system, and upon the regulation desired. 
However, as a general rule, the regulation constant will be be- 
tween 4,000,000 and 16,000,000. Exceptions to the upper limit 
are the very large low-speed units, where the generator rotor has 
alarge WR? for structural reasons. 

Confining this discussion to the smaller units and to a 60-cycle 
system frequency, the very general statement, based on Equation 
[8] may be made that natural frequencies of hydroelectric gener- 
ators fall within the comparatively small range where the highest 
natural frequency to be expected is about twice the lowest. 
The natural frequencies of the very large units, with a large regu- 
lating constant, and of units on 50- and 25-cycle alternating- 
current systems would be somewhat below this range. 

Accordingly, in low-speed units, i.e., units with low rpm, the 
draft-tube surge frequency is likely to be low enough to be below 
the natural frequency of the generator and, while resonance 
conditions may not be present, the per cent power swing will at 
least be equal to the per cent torque fluctuation on the runner. 

Higher-speed units are likely to be in a critical range where 
resonance conditions may be set up. 

Above this range of speeds, the draft-tube surge frequency 
will be greater than the natural frequency of the generator, giving 
& magnification factor approaching zero, Fig. 4, and making 

high-speed units remarkably free of power swings. This latter 
condition has been frequently observed in the field. 

It should be emphasized that the foregoing are only generaliza- 
tions and that many individual exceptions can be found. It is 
for this reason that no attempt has been made to set the actual 
speeds at which critical conditions are likely to obtain, nor to fix 
the limits of the natural frequencies of the generators, especially 
nce the latter depend upon transmission-line characteristics as 
well as upon the generator characteristics. 


VaRtaTION oF Drari-TuBE SurRGE FreQuENCY CHANGE IN 
TURBINE-GATE OPENING 


A characteristic of the draft-tube surge frequency is its varia- 
“on with a change in turbine-gate opening, Fig. 1. A change in 
te opening will bring the draft-tube surge frequency either 


175 


closer or farther away from the natural frequency of the gener- 
ator. This explains in part why the amplitude of power swings 
sometimes varies so greatly for a small change in gate opening. 

The frequency of the draft-tube surges remains practically 
fixed for a given gate opening and for small changes in head on the 
turbine. However, the natural frequency of the generator may 
vary depending upon the generator load, power factor, transmis- 
sion-line characteristics, number of units in parallel, etc., as 
previously mentioned. 

Thus one combination will bring the natural frequency of 
oscillation of the generator closer to the frequency of the draft- 
tube surges and will produce greater power swings than another 
combination. 

The amount of power swing which can be safely allowed in a 
hydroelectric unit depends largely upon local conditions. In so 
far as the generator alone is concerned, the A.S.A. rules for 
rotating electrical machinery allow a current pulsation of 66 per 
cent of the rated current in motors driving reciprocating machin- 
ery. No rule is given for generators but, in the design of gener- 
ators to be driven by reciprocating engines, it is usually considered 
that, if the power swings are kept below 50 per cent of the rated 
output, there will be no serious heating or dangerous increases in 
generator stresses. 


Errect oF PowER SwINGs ON TRANSMISSION SYSTEM 


As to the effect of power swings on a transmission system, it has 
been demonstrated in actual practice that, if the swings are not 
too large, they have no serious effect on the system. There are 
units in operation today which have power swings of 10 per cent 
of the rated turbine output or 16 per cent of the turbine output 
at the gate where the swings occur. Although these units are 
connected to a 200-mile transmission line, exhaustive tests have 
shown that the swings had so little effect upon the operation or 
stability of the system it was not thought desirable to go to the 
slight expense of making the changes which tests had demon- 
strated would practically eliminate the swings. 

Power swings are sometimes transmitted over transmission 
lines to all parts of the system. In one case, power swings on a 
unit were transmitted over about 600 miles of transmission line, 
causing power fluctuations in the output of units at the other end 
of the line. Even this condition did not affect the stability of the 
system. 

Power swings if sufficiently large can produce voltage swings. 
This is objectionable because usually there are numerous connec- 
tions on a system demanding constant voltage. Since the 
fluctuations in voltage as produced by the power swings are quite 
rapid, a heavy burden is placed upon the voltage regulator and, 
although the regulator is constantly trying to correct the voltage 
fluctuations, it can never quite keep up with them. 

Power swings constantly tend to change the transmission- 
system frequency. However, on extensive systems with a large 
total WR, the power swings are relatively so small that the 
change in system frequency is infinitesimal. Therefore, it is 
very seldom that power swings have any effect upon the system 
frequency. So long as power swings do not affect the system fre- 
quency materially, they will not affect the operation of the turbine 
governor. However, there have been a few instances in which a 
single unit with power swings was connected to an isolated dis- 
tribution system and produced a large fluctuation in the system 
frequency which affected the operation of the governor. As an 
illustration of this condition, the following case may be cited: 

A 250-kw 60-cycle unit was carrying the entire power load in a 
small city. The tuvbine had a power swing at 75 per cent gate 
of about 25 kw. So long as the system was tied in with a larger 
system, these small power swings could not change the frequency 
noticeably and therefore did no harm. When the system was cut 


4 
- 
: 
tes 
7 
* 


176 


loose from all interconnections and operated as an independent 
system the frequency would vary as much as three cycles in 
synchronism with the power swings. This change in frequency 
was reflected in the governor operation. The governor would 
vary the turbine gates, trying to correct for the frequency fluctua- 
tions. However, the system frequency fluctuated 58 times per 
min and the governor could never catch up with these compara- 
tively rapid fluctuations. The governor varied the turbine gates 
about 10 per cent at the rate of 10 times per min. This move- 
ment of the turbine gates had a tendency to accentuate the power 
swings and the system-frequency swings. 

The relation between the power swings and system-frequency 
swings in this case was such that, when the power increased, the 
system frequency increased and, when the power decreased, 
the system frequency decreased. This immediately indicated 
that the source of the trouble was in the output of the generat- 
ing unit and not in a fluctuation of load on the system. 


Fins Appep To Drart TUBE TO REDUCE Power SwIncs 


After some experimentation, fins were added to the draft tube, 
Fig. 7, which reduced the power swings and system frequency 
fluctuations 75 per cent. 

When a unit with draft-tube 
surges is connected to a water- 
rheostat load, the generator output 
remains fairly constant. The fluc- 
tuation in torque on the runner 
manifests itself in a change in the 
speed of the unit. The change 
in speed is possible under these 
conditions because the only WR? 
in the system is that of the gen- 
erator and turbine. 

As explained and _ illustrated 
previously, draft-tube surges react 
upon the penstock pressure in such 
a manner as to cause fluctuations 
in the penstock pressure. The 
increase in penstock pressure is not 
sufficient to cause excess stresses 
in the penstock itself. In some 
cases, however, the continued and 
regular fluctuation in penstock 
pressure causes a penstock vibration which may become serious. 
The following case is cited as an illustration of this condition: 

Two 1700-kw, 900-rpm units, operating under a head of 260 ft 
were both connected to a single penstock 765 ft long. At outputs 
between 1500 and 1600 kw on either or both units, there was a 
violent draft-tube vacuum surge of 18 ft, a penstock-pressure 
surge of 43 ft, and a penstock vibration of 1/s in., all at a fre- 
quency of 320 per min. In this particular case, there were no 
power swings because the frequency of the draft-tube surge was 
considerably higher than the natural frequency of the generator 
connected to the transmission system, which gave a magnification 
factor of practically zero, Fig. 4. This is an excellent example of 
a high-speed turbine being free of power swings despite large 
draft-tube surges. It was found possible to eliminate the draft- 
tube surges, the penstock pressure fluctuations, and the penstock 
vibrations by admission of air to the draft tube, Fig. 3. 

Mechanical vibration and rough operation of the turbine some- 
times accompany draft-tube surges. Whether the draft-tube 
surges cause the rough running and vibration has not been defi- 
nitely established. There is reason to believe that there is some 
relation between them because the roughness of operation usually 
occurs at the same turbine-gate opening at which the draft-tube 
surges are a maximum and because it has been found possible to 
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reduce vibration and roughness of operation by admission of air 
to the draft tube, which also reduces the draft-tube surges. 


Fretp Meruops For REepucinG Drart-TuBE SURGES AND Powrr 
SwIncs 


After a unit has been designed, built, installed, and placed in 
operation and then develops draft-tube surges and power swings, 
it becomes necessary to use economical methods in the field to 
eliminate or reduce them. The first criterion of such a method is 
its effect upon power output and efficiency. One of the most 
reliable methods is the admission of air to the draft tube, prefer- 
ably to the center, either as free air or compressed air, Fig. 3. 
This method invariably reduces the draft-tube surges and thus 
the power swings, but sometimes it affects the power or efficiency 
of the turbine, especially on low-head installations. 


Fie. 8 Grapnic Recorp oF PowreR Swings AND Drart-Tvuss 
Surges Berore Any CHANGES IN TURBINE 


Fie. 9 GrapHic Recorp or Power Swings AND Drart-Tvss 
SurGEs ON SAME TURBINE AT SAME GaTE a8 SHOWN IN Fia. 8, AFTER 
INSTALLING Fins TO Fia. 7 


(Frequency of power swings = 78 per min = natural frequency of generator; 
requency of draft-tube surges = 30 per min but irregular. 


The laws of vibration state that the disturbing force must be 
periodic and regular to produce large forced vibrations. It is 
found that when the draft-tube surges are regular and periodic, 
the power swings are large. If the surges are irregular the power 
swings either are small or nonexistent. This immediately indi- 
cates that one method of reducing or eliminating power swings is 
to break up the regularity of the draft-tube surges. 

Admission of air, besides reducing the draft-tube surges, a/ 
ways tends to break up their regularity. It thus serves a dual 
function in reducing power swings. Another advantage of the 
admission of air is that it can be controlled by the gate movement 
and admitted only at such gates as required. 

The disadvantages are that the admission of free air is affected 
by large variations in the tailrace levels. In some cases, where 
the level of the tailrace is above the turbine runner, it become 
necessary to force compressed air into the draft tube. It may no 
always be convenient to supply compressed air for this purpose. 

Certain changes in draft tubes have also reduced the surges and 
power swings considerably in many cases. Among these, tht 
most successful method has been the installation of fairly short 
fins on the walls of the draft tube directly below the runner, Fig./. 
The fins break up the swirl in the discharge, change the flow cond 
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tions, and cause the draft-tube surges to become irregular, in 
addition to reducing their amplitude, thereby reducing the magni- 
tude of the load swings, Figs. 8 and 9. 

A low cone in the draft tube, if it is of the concentric type 
similar to W. M. White’s hydraucone, has also been successful 
in Many Cases. 

In conclusion, the following facts may be stated as having been 
definitely established: 

1 That the power swings chargeable to the hydraulic turbine 
are always accompanied by draft-tube surges and penstock pres- 
sure fluctuations, but that draft-tube surges and penstock 
pressure surges are not always accompanied by power swings. 

2 That the power swings are produced by fluctuations in 
torque on the runner, which in turn are caused by the draft-tube 
surges and penstock pressure fluctuations. 

3 That the magnitude of the power swings depends upon the 
magnitude of the change in torque on the runner and upon 
the relation between the frequency of the draft-tube surges 
and the natural frequency of the generator connected to the 
distribution system. 

4 That by avoiding resonance of draft-tube surges and 
natural vibrations in the generator during design of a proposed 
hydroelectric unit, serious power swings can be avoided. 

5 That power swings as much as 10 per cent of the rated 
output of the generating unit can be tolerated without harm to 
the operation of the unit or stability of the transmission system. 

6 That the power swings can be greatly reduced or eliminated 
in the field by admission of air to the draft tube or by making 
physical changes in the draft tube. 


Discussion 


A. F. Daruanp.* The writer believes that the author was 
present at the Cushman No. 2 hydroelectric plant of the City 
of Tacoma at the time difficulties were encountered because of 
power swings. On that occasion the difficulty was entirely 
overcome by venting the turbine cover plates through small air 
valves, about 1!/; or 2 in. in diam. Not only were the power 
swings eliminated but a small increase in output of the generators 
was realized due to the smoother flow in the draft tubes, result- 
ing from the opening of the air vent. The power swing occurred 
at about 0.6 or 0.7 gate opening and the air valve was arranged 
to open automatically at these values of gate openings. 


McNeety DuBosr. Hydroelectric operators have seemed 
toaccept that a water-wheel unit should have a “rough spot” or 
4 “jumping point” somewhere in its range of operation. At that 
particular point there might be an uncomfortable vibration, 
an alarming heaving of the penstock, or an occasional step-bearing 
failure, but the point could be quickly passed over. Operators 
learned so well to keep their machines away from it that a year 
or so after installation, this condition was practically forgotten 
by the engineers. 

But with passing years, these unstable points have become 
less easily overlooked, for larger generators with longer transmis- 
sion lines seem to be more susceptible to recurrent hydraulic 
surges than were the smaller units with shorter lines of 30 years 
ago, 

Nor is the problem of power swings necessarily restricted to 
some particular gate openings which can be avoided. There 
have been cases where swings originated at comparatively small 
gate openings and continued in greater magnitude up to full 
gate, if the machines could be kept on load up to that point. 

Mr. Rheingans points out that little or nothing on this subject 


*Construction Engineer, Bureau of Reclamation, United States 
partment of the Interior, Grand Coulee Dam, Wash. 


has appeared in technical literature. That might be amended by 
saying “public” technical literature, for reams of paper have been 
used in correspondence on this subject. Probably this reticence 
is natural. A hydroelectric unit consisting of both water wheel 
and generator may be on occasions a prolific source of “buck 
passing,” which is heartily indulged in by engineers in the field, 
but in general has had so little firm ground to stand on that no one 
has wanted to post it up for studied criticism. As a result, the 
operators have sometimes been caught between the upper and 
nether millstones. In the end their difficulties were straightened 
out, but after months or even years of inconvenience or worse. 

So the writer is heartily in favor of anything which tends to 
call this matter to attention and brings out for the general benefit 
experience which so far has been locked away in filing cabinets. 

An alternating-current generator is a machine which will os- 
cillate. Its period is infinitely long at no load and decreases as 
the load builds up. Larger machines have a longer period than 
small machines. The period of even the largest machine at full 
load is seldom slow enough to synchronize with impulses originat- 
ing in a water wheel, although inductive load and the reactance 
of transmission lines may slow down the rate of oscillation of a 
generator to where it will fall in step with the hydraulic oscillations. 

Speaking of the rate of swings, a comparison of calculated and 
observed rates may be of interest. For instance, take the case 
of a group of 65,000-hp units, operating at full gate, connected 
through 28 miles of heavy transmission line to a group of 45,000- 
hp units, operating at about 0.8 gate. About 100,000 hp is 
passing through the line. The calculated period of the larger 
units at full noninductive load by the formula given by the au- 
thor is 85 cycles per min. The actual observed period of the 
individual generators varies between 77 and 84 per min. The 
oscillation period of the 45,000-hp units at full load is calculated 
to be 100 cycles per min. The observed period of the individual 
units varies between 92 and 116 per min. The effect of the 
transmission line is obviously small. At lighter loads, the fre- 
quency is observed to drop some 20 per cent. 

This example of hydroelectric-generator swings should not be 
confused with system swings. Take the case of two systems each 
with some 750,000 hp of generating capacity connected through a 
weak transmission line 215 miles long. With 30,000 hp passing 
through the tie, the period of the swing is 24 cycles per sec and 
the amount of the swing is some 15,000 hp. But while this is 
going on, the individual generators of the system are swinging 
at their own higher periods. 

Hydraulic-turbine oscillations are always at a comparatively 
slow period. The writer has never observed recurrent surges in a 
low- to medium-head turbine at a rate much lower than 30 or 
greater than 60 per min, and doubts if it is possible for them to 
exceed the latter rate by much. However, it should not be for- 
gotten that impulses may be transmitted materially to the gener- 
ator when its period is a multiple of that of the water wheel. 

The hydraulic designers are the ones who must deal first 
with the problem of power swings. They should receive the 
full collaboration of the operators in so far as their intentions go 
regarding generator characteristics and system connections. 
However, requirements of system stability and the geographic 
locations of power sites often permit very little leeway for helpful 
changes in generator design, other than the addition of damper 
windings. But that is a case of attacking the symptom instead of 
the disease. 


J. P. Growpon‘ anp D. J. Bueiruss.5 

‘Chief Hydraulic Engineer, Aluminum Company of America, 
Pittsburgh, Pa. Mem. A.S.M.E. 

5 Assistant Hydraulic Engineer, Aluminum Company of America, 
Pittsburgh, Pa. 
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that occasionally objectionable power swings are observed in 
hydroelectric units, but to the writers’ knowledge, the author 
is the first to discuss them publicly. Heretofore, such dif- 
ficulties have been treated as dark secrets between the purchaser 
and the manufacturer, otherwise the purchaser has suffered in 
silence. 

The author states in conclusion that six facts are definitely 
established. Proceeding to a discussion of these points in the 
same order, the writers offer the following: 


1 It is probably true that power swings chargeable to a 


hydraulic turbine are always accompanied by draft-tube surges, 
but perhaps not necessarily by penstock pressure fluctuations. 
It is likewise true that draft-tube surges do not always result in 
power swings. This may be because the surges themselves are 
irregular, or because the natural period of the generator does not 
coincide with that of the surges, i.e., there is no resonance. How- 
ever, the absence of power swings in the presence of draft-tube 
surges is not evidence that the unit has been correctly designed; 
on the contrary, the presence of the surges is evidence of incor- 
rect design. It is certain that no design could result in abso- 
lutely smooth flow; it is equally certain that bad design will 
result in very rough flow. 

2 The writers agree that swings are caused by variation in 
torque on the runner, caused by draft-tube disturbances. These 
disturbances, of course, are due to unstable flow conditions, 
which in turn are the result of excessive swirl in the water or 
improper distribution of flow. The ideal condition would be 
that in which all water flowed vertically as it left the runner, 
and the draft tube was filled with water flowing at a uniform 
velocity. For any given runner, at a given speed, this condi- 
tion is approximated at only one combination of gate opening 
and head, but divergences from this condition are minimized 
by correct design. 

3 The writers agree that the magnitude of the swings is de- 
pendent upon the relation between frequency and magnitude of 
disturbances on one hand and the natural frequency of the unit 
on the other, if there are no contributing conditions in the con- 
nected system. 

4 The writers agree that by avoiding resonance between 
frequency of surges and vibrations of the generator, serious 
swings may be avoided. At this point, however, they wish to 
emphasize that this is not the complete story. Although the 
swings may be thus avoided, the tendency may be there, and 
the efficiency of the unit consequently less than should be ex- 
pected. It would seem that a far better method of prevention 
would be to design the turbine so that surges do not occur. 

5 The writers think that while power surges of 10 per cent 
of the rated capacity of a unit may be tolerable, they are still most 
undesirable. 

6 The writers agree that power swings can be reduced or 
eliminated by admitting air to the draft tube. They realize that 
normal operation of a Francis turbine involves admission of 
certain amounts of air at certain gate openings. Admission of 
air in greater amounts than these, and for the purpose of reduc- 
ing or eliminating swings which have developed, must involve 
some loss of power. As to draft-tube alterations, the writers 
have no experience, but wish to indulge in a little speculation. 
It appears that the difficulties of placing fins in a draft tube al- 
ready built might be enormous. Consider a unit discharging 
4000 cfs, with maximum velocities of 40 ft per sec, and the prob- 
lem of putting in fins which will stay is a real problem. Further, 
swirling in a draft tube indicates that the water is leaving the 
runner with some inclination from the vertical; this inclination 
varies with the gate opening, and it would appear that when it is a 
maximum the fins must cause considerable disturbance and con- 
sequent loss of power. 
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The writers wish to point out that either admission of air, or The 
alteration of the draft tube is a palliative or partial remedy, and to § tion o' 
remind the profession of the old adage concerning the desir- J at 0.3. 
ability of ‘‘an ounce of prevention.” compo 
In explanation of the writers’ position, they wish to cite a 
specific example, where power swings on large units were some- id 
times of such magnitude as to preclude operation at full load. 31 
Each unit consisted of a Francis-type turbine and an a-c gener- on. 
ator. Turbines were rated at 55,500 hp at 135-ft head, the speed $f 
was 120 rpm, and the WR? about 66,920,000. Using the author’s ft at fu 
formula for a generator connected to an infinite system, the Thus 
natural frequency is found to be about 85.5 cycles per min. The ff (2) the 
draft tube was of the simple elbow type, divided for some dis § indicat 
tance in from the mouth by a vertical pier. the sec 
When the first unit was put on the line, it was allowed to § From t 
carry 8000 kw for several hours. Then the load was increased § vertical 
to 15,000 kw and it carried this load overnight, although swings ff ft at th 
of about 2000 kw were noted. The next day load was increased § middle. 
by increments of 5000 kw to the maximum of about 39,000 kw. F [t wa, 
At a load of 30,000 kw, power swings of an amplitude of 6000 to Bneath t 
10,000 kw were observed, increasing slightly above this load. § shafts, | 
These swings had a frequency of about 80 cycles per min. They ff eliminat 
were not consistent. They would at times arise and die without § sion tha: 
apparent cause, when there was a constant load on the system. fF Unfor 
The electrical system was investigated for possible resonance or §f of from 
disturbing conditions; nothing was found which could in any § hour me 
way contribute to the swings. Swinging occurred over the en- § whistling 
tire gate-opening range. The v 
The draft-tube discharge was very turbulent; at the higher § indicate; 
loads most of the water appeared to be leaving through the swings, ¢ 
right one half of the right one half of the draft tube. At lower rage. 
gates, there was actually re-entrant flow in the left half of the tube F The ty 
Variations of several feet in tail-water elevation demonstrated § periment 
that it had no effect on the power swings; they were observed at fi finally de 
high tail water as well as low. cast stee 
The portion of the draft tube just below the runner was lined fof each | 
with steel. On the upstream side of this liner there is a mandoor. § 41/, jn, 
A pitot tube was inserted horizontally through a stuffing borBiip 9, T 
in this door, and conditions of flow were studied at an elevation Byith the 
7.5 ft below the center line of the runner or, rather, the cente ff operates 
line of the scroll case. The pitot tube was so constructed that i B shaft, an 
could be rotated, and thus the angle of flow as well as velo Bthe origi: 
ity could be determined. A mercury manometer was used iB ralye in t 
connection with the pitot tube. Observations were taken in as {sf Maximun 
as 3 ft from the draft-tube liner; since the draft tube has here sft, 
diameter of about 14 ft, conditions of flow were determined in th The wr 
outer 67 per cent of the draft-tube area. Results of a Gibsot Mfgrye grea 
test on the unit were available, so that the discharge for any give ftime, a n 
gate opening and head was known. Thus, knowing the vertic® Mrorrect, so 
component of velocity Over 67 per cent of the draft-tube ares 
it was possible to estimate very closely the vertical component "JF R. (;. y 
velocity in the remaining 33 per cent. ronclusion 
For each set of measurements, the turbine gates were block#fiexecific jn, 
at a certain opening, and conditions were such that head and t/ffind the sp 
water did not vary. A constant discharge was thus assure# Unforty 
Readings were started with the pitot-tube orifice pointing straigfBrhich dats 
up; the tube was then rotated, stopping every 30 deg for an o>fMtis) nature 
servation. The difference between the legs of the manometer, "identity 
inches of mercury, was recorded at each observation. The®fthe condit 
readings were plotted as follows: easures Vv 
A circle was drawn, the circumference representing 8 2° In one ir 
reading of the manometer. Pressures were plotted radially 
ward from this circle, vacua radially inward, at the directio®ffrnsm issic 
observed. A smooth curve connecting the plotted points resultefiturbine gat 


in a characteristically pear-shaped figure, the major axis of whi! 


represented the direction of flow. ‘Boulder 
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The water whirled with the runner at all gates; the inclina- 
tion of flow from the vertical varied, for instance, from 51 deg 
at 0.3 gate to 18 deg at full gate, 15 in. inside the liner. Vertical 
components of velocity varied as follows: 


1 At the liner, 19 ft at 0.3 gate to 9 ft at full gate. 

2 Two feet in from the liner, 7 ft at 0.3 gate to 21 ft at full 
gate. 

3 At the center, zero at 0.3 gate to 0.5 gate, a maximum of 45 
ft at full gate. 


Thus two things were apparent (1) there was excessive swirl, 
(2) there was a very uneven distribution of velocity. The first 
indicated that water was leaving the runner at an incorrect angle; 
the second, that it was leaving the runner in the wrong places. 
From the figures stated, it will be noted that, at full gate, the 
vertical component of velocity varied from 9 ft at the liner to 45 
ftat the center. Most of the discharge was concentrated at the 
middle of the tube. 

It was speedily found that, by admitting air to the space under- 
neath the runner through the hollow turbine and generator 
shafts, the power swings could be greatly reduced or entirely 
eliminated; this fact, with other observations, led to the conclu- 
sion that the trouble was caused by disturbances in the draft tube. 

Unfortunately, the admission of air resulted in a power loss 
of from 1500 to 2000 kw as determined by an integrating watt- 
hour meter, and was accompanied by a distinctly objectionable 
whistling noise. 

The vacuum gage on the draft tube was unsteady, but never 
indicated a variation regular enough to account for the power 
swings, and penstock pressure never varied more than 1 lb on the 
gage. 

The turbine manufacturer studied the problem thoroughly, ex- 
primenting both on the units in the field and on models, and 
finally decided on an alteration of the runner. Each runner was 
cast steel, 155 in. in diam, with 15 buckets. At the lower edge 
of each bucket a roughly triangular piece was removed, about 
4'/, in. long, and varying in width from 9'/, in. at the band 
to 0. This piece was drilled and chipped out at its junction 
vith the band and burned elsewhere. The remodeled runner 
operates satisfactorily with no air coming through the hollow 
shaft, and there is a slight increase in power as compared with 
the original runner operating with no air. An automatic air 
valve in the cover plate admits air up to about 0.85 gate opening. 

Maximum amplitude of swing with the remodeled runner is 2000 
kw. 

The writers wish to state that the turbine manufacturers de- 
erve great credit for their determined attack on what was, at the 
time, a new problem, and for their arrival at a fundamentally 
correct, solution. 


R.G. MacDonavp.* The writer concurs essentially with the 
conclusions of the author. The bases of the writer’s opinions are 
secific instances in which approximately the same phenomena 
ind the same effects of corrective measures have been observed. 
Unfortunately, at this time, the identity of the plants from 
hich data were collected cannot be revealed, due to its confiden- 
tal nature. However, without reference to the plants or the 
dentity of the equipment manufacturers involved, some of 
e conditions which were observed before and after corrective 
easures were applied will be outlined briefly. 

In one instance a unit of moderate rating, when connected to a 
try complicated system with extremely long interconnected 
tamsmission lines, and a very large system WR?, at a “critical” 
whine gate opening, were subjected to power swings of about 25 
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per cent of the load being carried at the time, and reflected swings 
of about 10 per cent of the load carried were observed at very 
large units which were at the time operating in parallel with 
the smaller unit. Upon separating from the last-mentioned 
system, swings on both systems almost completely disappeared. 
Bearing in mind the fact that the gate opening, magnitude, and 
frequency of the draft-tube swings remained unchanged, it is 
obvious that alterations of the system characteristics were alone 
responsible for the power swings. 

After the separation there still remained at least 600 miles of 
transmission systems connected in parallel, but the WR? was a 
small fraction of that existing during the first test when all units 
and systems were in parallel. This combination resembled a 
three-tine fork, each tine being a transmission line of 250 miles 
or over in length, the handle representing the loading of each 
system. At the time of separation, the central tine was removed 
leaving a Y-shaped transmission-and-distribution system. No 
undue power swings were caused by the addition, at the junc- 
tion of the two transmission lines, of another system approxi- 
mately 100 miles long. The combined WR? in this case re- 
mained at a low value. 

It was learned that changing the magnitude and/or the fre- 
quency of the draft-tube swings also altered the values of the load 
swings, and in most cases maneuvering completely removed ob- 
jecti nable power swings. 

The writer is familiar with one plant where all draft tubes have 
nearly the same swings, with respect to value and frequency, 
where different units are operated over isolated transmission 
systems having dissimilar characteristics. In some instances 
power swings are in evidence and in others none exists. There- 
fore, it follows that units operating on a given system may have 
power swings on another, due to changes in system characteristics. 

Considering the most troublesome unit in this plant, at ap- 
proximately one-half load on the turbine, power swings equal to 
about 5/; of the rated capacity were present. 

Oscillograms were taken to record the frequencies of the draft 
tube and power swings and the natural frequency of the system. 
It was found they had approximately the same period. The 
natural period of the system was determined by taking an oscillo- 
gram of the armature current and a timing wave during a paral- 
leling operation with the incoming machine slightly out of phase 
with the transmission system. Excellent pictures can be ob- 
tained by the proper timing and operation of an oscillograph. 
Films can be superimposed making frequency relations obvious by 
inspection. 

A companion unit of the same dimensions and capacity which 
had draft-tube fins did not produce power swings in excess of 
10 per cent of the rated capacity. The fins used were similar to 
those described by the author. During the test, the turbine 
gates were set at the most critical point. Free air was admitted 
through the fins. Thus the installation of fins in the draft tube 
reduced swings to about '/,o of their former value. 

It is interesting to note the reduced value of power swings ob- 
tained when two similar units, one with draft-tube fins and the 
other without, were operated in parallel. This appears to 
prove that reduced power swings result from both a change of 
system characteristics and the addition of a stabilizing unit, 
the draft-tube swings of which have been brought under control. 

At this point, the writer wishes to supplement the author’s 
sixth conclusion by the following statement: The corrective 
effect of air in the draft tube is proportional to the ability of the 
equipment to cause the air to reach the points where it is most 
needed. 

Installation of hydraucones, fins, air, and other devices at least 
partially correct power-swing troubles arising from draft-tube 
swings. This indicates that factors in design can be considered 
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rather than changing the speed as would be indicated by Fig. 5 of 
the paper. 

It appears that the only manner in which this problem can be 
solved, as a matter of prevention rather than correction, wherein 
much psychology must of necessity be involved, lies in newer and 
better methods of model testing. It appears to the writer that 
actual pressures and of course velocities, together with scale 
models of penstocks and draft tubes, must be employed in testing 
model runners. This sort of testing would be in addition to the 
orthodox “flume” test as now practiced. Much about cavita- 
tion could be learned at the same time. 


L. F. Moopy.’? The author has made a useful contribution in 
calling attention to a problem which has received little attention 
in the literature, and in investigating and recording factual data 
and certain conclusions relating to the influence of some of the 
chief factors involved. The problem is a complex one, and as the 
author points out, further analysis is needed to establish a basis 
of theory. It is hoped that he and others will continue this in- 
vestigation so that we have a rational framework behind the em- 
pirical conclusions. 

Some preliminary hypothesis seems necessary if we are to 
try to account for the phenomena of power swings. It seems 
to the writer that we cannot explain the action as due pri- 
marily to such factors as elastic pressure waves in the water 
column, which have a constant frequency depending only on the 
length of the conduit and the wave velocity, both of which are 
constant, or torsional vibration of the turbine shaft and runner, 
which also has a constant frequency. Nor can we explain it as a 
slower surge of the water column as a whole, treated as an inelastic 
medium. Liquid in a U-tube, having free surfaces, can be made 
to oscillate harmonically; but the turbine water column ter- 
minates in fixed head- and tail-water surfaces. The writer has 
from curiosity set up the equation for accelerated flow in the 
system, imagining a momentary disturbance of equilibrium; but 
the solution is similar to that for a suddenly opened valve at the 
end of a pipe line. The flow approaches the steady value asymp- 
totically along a smooth curve of logarithmic form, and is non- 
oscillatory. 

These considerations lead the writer to suggest the presence 
of an elastic medium, such as an air or vapor cavity, somewhere in 
the system. The point where this may be expected is around the 
axis of the draft tube just below the runner. Under part gate 
operation, the reduced discharge through the constant runner 
areas of course results in reduced relative exit velocity and con- 
sequent forward absolute whirl of the outflow. The draft-tube 
vortex involves flow separation near the axis and invites the 
formation of a hollow core in which entrained air can accumulate; 
and probably in many cases where power swings and draft-tube 
surges are marked, a vapor-filled cavity is formed. After the 
foregoing suggestion was offered the writer had the opportunity 
of witnessing a motion picture which it is hoped can be shown 
again. This was contributed by I. A. Winter of the U. S. Bureau 
of Reclamation and showed the flow within a transparent tur- 
bine model. At part gate operation this illustrated clearly the 
presence of a vortex core, accompanied by instability of flow. 

The surging of the draft-tube water column, resulting from the 
presence of air or vapor, may be of more consequence in its 
direct effects than in the power swings it causes in the generator 
output. If the turbine setting does not provide much margin 
over the critical cavitation coefficient of the turbine, a unit which 
would operate perfectly under steady conditions may cavitate 
when a draft-tube surge sets in, the cavitation then accentuating 
and maintaining the surge. 


7 Professor of Hydraulic Engineering, Princeton University, Prince- 
ton, N. J. Mem. A.S.M.E. 
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The method of combating surges, vibration, and power swings 
by air admission has of course been often used. Fortunately 
gate-controlled air admission is provided in most modern turbines 
of higher specific speeds, although special means may have to be 
added to get the air into the vortex core. The writer might 
mention one case where an air pipe was inserted through the 
draft-tube wall, extending near enough to the axis to reach 
the vortex core and effectively keeping the surges within bounds, 
Guiding fins on the draft-tube wall are an undesirable remedy, 
from considerations of turbine efficiency. 

Since power swings and surges occur in turbines under fixed- 
gate operation, it is likely that similar phenomena may occa- 
sionally occur in pumps, particularly in propeller or mixed-flow 
pumps and, in general, whenever whirl may be induced in the 
suction space. 


J. F. Roperts.’ The six conclusions at the end of the paper 
form a complete summary, but it is believed the fifth is open to 
discussion. This fifth conclusion reads as follows: ‘That 
power swings as much as 10 per cent of the rated output of the 
generating unit can be tolerated without harm to the operation 
of the unit or stability of the transmission system.” It is pos- 
sible that the author is endeavoring to educate the users to expect 
this much power swing. However, while the writer would not 
state definitely that 10 per cent swing might do serious damage, 
he feels that it certainly would be objectionable and cause un- 
easiness to the operator. Considering that, with a 50,000-hp 
unit, this would mean a power swing in the order of 5000 kw, it 
would certainly occasion comment. Possibly, with a 3000- or 
4000-hp unit, a power swing of 300 or 400 kw might not be con- 
sidered objectionable; but in general, it is felt that 10 per cent 
is two or three times what could be passed without serious objec- 
tion. 

Regarding the fourth conclusion, that resonance between the 
draft-tube surges and the natural vibration of the generator 
may be avoided during design, this would involve a large amount 
of money if it were done by increasing the WR? of the generator. 
For instance, doubling the WR? of the generator would reduce 
the ratio between the frequency of the disturbing forces and the 
natural frequency of the electrical system from 1 to 0.75, or only 
25 per cent; but such an increase in the WR? of the generator 
would probably amount to a considerable percentage of the 
original cost of the generator. If the result can be achieved by 
the use of fins installed in the draft tube or by the admission of 
air under the runner, these solutions are far more economical 
than the increase of WR? of the generator. 

The author does not state whether or not the addition of the 
fins affects the performance of the draft tube and the over-all 
efficiency of the unit. The writer believes such a statement 
would be enlightening to'the members of the Society. 


R. E. B. Saarp.* The author has called attention to an in 
portant factor in the design of hydroelectric units, and has sub- 
mitted valuable data for the study of the phenomenon of powe! 
swings. The writer is as yet able to offer only one instance of 8 
power swing and its relation to draft-tube surges. In this ir 
stance: Rpm = 187.5; observed frequency of draft-tube swing 


rpm, 
at about 0.82 gate = 80 to 86 per min = S, whereas aa" 52, 


f 25 ing 
F = 46,000 y! = 46,000 13,700,000 = 62.2; power swing 


8 Principal Mechanical Engineer of Design, Tennessee Valle! 
Authority, Knoxville, Tenn. Mem. A.S.M.E. ; 

® Chief Engineer, I. P. Morris Division, Baldwin-Southwat 
Corporation, Philadelphia, Pa. Mem. A.S8.M.E. 
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5000 kw (full load about 46,000 kw); penstock pressure swings 
115 to 125 lb per sq in. 

The wide discrepancy between the author’s value for S and 
that actually observed may be due to the large gate opening at 
which the draft-tube disturbances occurred in this instance. 
On the other hand, another unit in the same station of different 
design encountered draft-tube disturbances just as severe but 
at a much higher frequency, about the same as the normal rpm 
of the unit, namely 187.5, but with no power swings. The 
draft-tube design as well as the runners were different for the two 
units. 

For the instance cited, at least, severe power swings resulted 
where S actually was more than 50 per cent greater than the value 


indicated by the author’s empirical formula S = 7 A more 


accurate method for determining this frequency, therefore, ap- 
pears desirable. If the undesirable relation between F = natural 
generator frequency and that of draft-tube swings is to be 
avoided, where possible, in the design state it is naturally im- 
portant to predict closely the dangerous zone to be avoided. 
While air admission valves are today a standard turbine acces- 
sory, and they are known to reduce or even eliminate draft-tube 
surges, it is, of course, wise where practicable to avoid the zone of 
resonance. 

From a broad standpoint, it appears important to the writer 
that turbine manufacturers exchange complete experience data 
relative to draft-tube surges, both in cases where power swings 
have and have not occurred, in order to be in the most favorable 
position to reduce or eliminate, if possible, the tendency for such 
surges to occur. Due to the many factors which enter into this 
problem, this procedure should result in its quickest solution 
to the benefit of all concerned. 


G. R. Srranppera.'!® The data collected to date on the sub- 
ject of power swings bave been rather limited since in most cases 
the load swing has been so small in comparison to the size of the 
system to which the units have been connected that system opera- 
tion was not affected. The writer has observed load swings on 
wits of several plants built from 1912 to recent years and has 
data showing a maximum load swing of about 20 per cent on units 
of one plant. 

The author states that in cases of power swing there is always a 
pressure swing in the penstock accompanied by a vacuum swing 
in the draft tube and that maximum pressure in the first case 
occurs with maximum vacuum in the latter. If the surges in 
the draft tube were in phase over the entire draft tube, it would 
sem to the writer impossible for an increase in vacuum in the 
draft tube to cause a pressure rise in the penstock. In one in- 
tallation, gages at quarter points in the draft tube showed that 
the surge was not in phase at all points. Diametrically opposite 
points were out of phase 180 deg and points 90 deg from each 
other were out of phase 90 deg. The phase rotation was clock- 
wise on units rotating clockwise looking down on the unit. It is 
possible that the pressure swing in the penstock is caused by the 
totation of the vacuum surge around the draft tube passing the 
hose point of the scroll case. It would be interesting to know 
whether pressure swing in the flume or load swing has occurred in 
uly plant having closed flume setting with no scroll-case nose 
point connecting the wall to the speed ring. 

In one plant, where two units were connected to a single trans- 
uission line, the indicated maximum combined load swing was 3 
times the indicated maximum load swing of a single unit and the 


— 


“Hydraulic Engineer, Stone & Webster Engineering Corporation, 
mn, Mass. 
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same indication was obtained at both the generating and the re- 
ceiving ends. 

Vertical steel-plate fins installed in the draft tube below the 
runner in an effort to correct load swings materially reduced them, 
and the reduction was increased as the width of fin increased. 
Tests indicated little or no change in reduction whether the 
fins were located immediately below the runner or several feet 
lower in the draft tube. With too wide a fin, however, the draft 
tube became noisier and the indications were that the width of 
fin would have to be limited for structural reasons. The fact 
that such fins materially reduce the load swing indicates that the 
rotating component in the unit discharge has a material relation 
to the load swings. 


I. A. Wintrer.'! The writer has had occasion to observe the 
phenomenon described by the author and is greatly impressed 
by the apparent agreement with the conclusions expressed and 
results obtained for installations familiar to the writer. The 
paper quite properly is limited to a discussion of power swings 
associated with resonant pressure changes in the draft tube, al- 
though the title would indicate a much broader field of applica- 
tion. 

Power swings from other sources in an interconnected hy- 
droelectric system are of a nature equally as involved and dif- 
ficult of solution as the power swings described in the paper. 
Notable among these objectionable phenomena of regulation and 
control are those of incipient instability of hydraulic penstock 
systems with surge tanks, where the length of penstock is greater 
than 4 to 5 times the head on the unit, and the inherent inability 
of present-day governors to effect proper distribution of load 
between hydrounits operating in parallel as required for efficient 
operation, and to carry correct time throughout a 24-hr period 
as is now universally expected by electric-clock users. 

A series of tests was conducted at the Guernsey power plant 
of the North Platte Project in Wyoming for the purpose of deter- 
mining if the so-called incipient instability’? of relatively long 
penstocks with surge tanks and under low heads and the draft- 
tube-surge phenomenon are tanzible and inviolate or if other 
unknown factors could be responsible for the troubles now at- 
tributed to these phenomena. 

The Guernsey power plant consists of two 3400-hp vertical- 
shaft, single-runner, Francis-type, spiral-casing turbines operat- 
ing at 240 rpm under an average effective head of 80 ft. Each 
turbine is equipped with a conical-plate steel draft tube discharg- 
ing into an open rectangular flume. Power water is supplied 
through a 12-ft-diam single penstock 850 ft in length, terminat- 
ing with bifurcated branches, 8 ft 6 in. in diam and at a distance 
approximately 70 ft from the point of attachment to the tur- 
bine-scroll cases. In the 12-ft-diam penstock immediately above 
the bifurcated branch, there is located a simple surge tank, 
22 ft in diam, and 85 ft in height with a restricted orifice in the 
bottom 7 ft 6 in. in diam. Units A and B in this plant were 
installed at different times and are of different manufacture. 

Analytical investigation of the hydraulic characteristic of the 
penstock system made before the tests were started indicated 
that the period of the incipient surge should be approximately 55 
sec. Using the author’s Equation [1], it was estimated that the 
frequency S of the draft-tube surge if present would be approxi- 
mately 67 cycles per min. Observations made during the tests 
established the period of the secondary surge in the penstock and 
surge-tank system as being 54 sec with an amplitude of 0.25 ft 


1 Senior Engineer, Bureau of Reclamation, United States Depart- 
ment of the Interior, Denver, Colo. 

12“Test for Incipient Stability,” Hydroelectric Handbook by 
W. P. Creager and J. D. Justin, John Wiley and Sons, Inc., New 
York, N. Y., 1927, p. 533. 
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when discharging a total flow of 462 cfs, which is in substantial 
agreement with the calculated values. 

Unit A, when operating at 30 per cent gate opening, developed a 
surge in the draft tube of 54 cycles per min with pressure varia- 
tions from 5 to 10 ft of water. The draft-tube pressure gage 
on unit B was quite steady. The total load on the distribution 
system in which the units were generating amounted to only 
5000 kw and no evidence of power swings coordinated with the 
draft-tube surge in unit A could be observed. It is, therefore, 
quite obvious that resonant pressure surges in the draft tube 
cannot alone be responsible for objectionable power swings in the 
distribution system. It was also demonstrated that the pressure 
surges are not a characteristic of the type of draft tube, since both 
units A and B have identical draft tubes of the straight conical 
type. A further conclusion which may be drawn from these 
tests is that the formation of resonant surges in the draft tube can 
be prevented by the proper design of turbine runner. 

Field investigations of the draft-tube surges made at Guernsey 
had been preceded by experiments made on a 6-in. model turbine 
in the laboratory of the Denver office of the Bureau of Reclama- 
tion, using scroll cases and draft tubes made of pyralin, which 
permitted visual observations of the phenomena as developed 
both in the scroll case and draft tube. Motion-picture records 
made of these tests show clearly the formation of a void at the 
runner tip, which gradually tapers in size to a point and dis- 
appears as it reaches the horizontal discharge portion of the 
draft tube. The conical-shaped void has a spiral motion at its 
boundary identical with that of the ordinary surface vortex with 
the exception that the spiral has a second motion of rotation which 
is about the center of the draft tube and has a frequency of rotation 
at its tail described by the author as being approximately 1/; of 
the speed of the turbine. The use of pyralin models of the type 
described opens the field of investigation of homologous turbines 
for individual designs which will establish the characteristics of 
the runners with respect to the formation of the void at the tip 
of the runner. Should this procedure be followed, it is conceiv- 
able that runners could be designed which would be entirely 
free from the troubles now being experienced. 

From the limited amount of data available, a magnification 
factor of 1.5 or less using curve No. 2 in Fig. 4 of the paper may be 
tentatively selected as indicating that power swings, resulting 
from resonant surges in the draft tube, will not cause operating 
difficulties. A study of the magnification factors for a number 
of units installed or contracted for is shown in Table 1, using 
notations identical with those of the author. Significant facts 
revealed by these figures are as follows: 

Unit No. 1 with a magnification factor of 2.1 developed power 
swings of a magnitude such that the unit could not be operated 
in parallel with a system carrying a load in excess of 1,000,000 kw. 
This unit was corrected by the admission of air to the center of 
the runner, thereby permitting a more uniform volume to be 


TABLE 1 FACTORS FOR VERTICAL-SHAFT 
GLE-RUNNER HYDROELECTRIC UNITS 
Natural 
frequency 
of gener- Frequency of 
ator F, draft-tube 
Regulating cycles surges . Magnification 
constant per min S, cycles per min Ratio actor, 
Uni Cc, com- om- Ob- S Fig. 4, 
no. CX10-* puted puted = served FP curve 2 
1 12.0 64 71 85 1.33 2.1 
2 30.6 792 50 45 0.58 1.6 
3 21.3 49 42 49 1.00 5.0 
3+4 21.2 75 42 49 0.56 1.6 
5 7.6 141¢ 67 54 0.38 1.2 
6 9.5 105% 63 50 0.60 1.6 
7 6.9 145¢ 50 0.34 1.2 
8 13.4 72 38 0.53 1.5 
9 12.3 77 26 0.34 1.2 


® Transmission line not included. 
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maintained in the void forming immediately below the tip of the 
runner. This correction demonstrated that the formation of 
the void alone is not detrimental but it is the making and break- 
ing of the void that creates the objectionable surges. 

This solution of the difficulty has been fully described by the 
author but the writer does not agree that the admission of air 
breaks up the surge in the manner of the draft-tube fins shown in 
Fig. 7. 

Of second interest in Table 1 is unit No. 2 with a magnification 
factor of 1.6. This unit developed trouble identical to unit No. 1, 
but of lesser magnitude, and was placed in successful operation 
in the same manner as described for unit No. 1. 

Unit No. 3 in the table has a magnification factor of 5 and 
power surges developed so critically that the unit could not be 
operated throughout approximately 60 per cent of the power 
range. The use of compressed air forced in at the center of the 
runner failed to correct the troubles as described for units Nos. 
1 and 2. Units Nos. 3 and 4 are units of identical design and 
capacity. When units Nos, 3 and 4 are operated in parallel, 
the magnification factor is reduced from 5 to 1.6 and it is possible 
to operate both units satisfactorily throughout their entire power 
range with a moderate amount of compressed air (350 cfm) ad- 
mitted at the center of the runner. Unit No. 3 has fins installed 
as illustrated in Fig. 7, which are effective in breaking up the 
swirls and thereby reduce the draft-tube surges which permits 
operating the unit throughout its entire power range. Compari- 
son of these two units, when operating singly and in parallel, 
is an outstanding example of the conclusion drawn by the author 
that the magnitude of the power swings depends upon the rela- 
tion between the frequency of the draft-tube surge and the 
natural frequency of the generator. 

Further examination of the units listed in Table 1 tends to 
demonstrate the conclusion that a magnification factor of 1.5 
and below represents a reasonably safe installation factor. For 
example, unit No. 5 is the Guernsey unit previously described with 
a magnification factor of 1.2. No trouble of any nature could be 
traced to this unit in the development of unstable power swing: 
in the generating system. Unit No. 6 has been given a prelimi 
nary test with the results as indicated in the table and it appear 
that correction by the admission of air to the center of the runner 
will be necessary to eliminate power swings effectively due to 
surges originating in the draft tube. 

Units Nos. 7, 8, and 9 are units which have not been installed 
but are under construction or contract and will be placed in opers 
tion in the near future. It appears that units Nos. 7 and 9 ms} 
be expected to give no trouble from power swings originating i2 
the draft tube. However, it is proposed to investigate unit No.$ 
with models using pyralin draft tubes and scroll cases for the 
purpose of determining whether the runners as designed are favor 
able or unfavorable from the standpoint of the development of: 
spiral void below the runner. 

For the convenience of those interested in investigating th 
effect of the electrical characteristics of a particular generator 0! 
transmission line, the following formulas are applicable: 

The value of Pr, Equation [7] of the paper, for a particuls 
generator may be calculated as follows: 


dP 
Pr = times kva rating of machine.......... 9 
where 
dé X, X 4X, 
e = per unit terminal voltage 
I = per unit field current 


6 = torque angle in electrical radians 
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per unit direct axis synchronous reactance 
per unit quadrature axis synchronous reactance 


and 


(X, -X,) 
6 

= per unit power output 


v 


The value of Pr’ for a particular transmission line may be cal- 
culated as follows: 


iP’ 
Pr’ = = times kva base used in computing reactance 
[12] 
where 
dP’ EE, 
— = —— cos 
ds’ 
E, = per unit voltage at generator terminals 
E, = per unit voltage at receiving end substation low- 
voltage bus 
5’ = angle between E, and E, 
X,, = per unit reactance of system between EF, and E£, 
and where 6’ is determined by 
E,E 
{13} 


per unit power transfer on kva base used in 
computing reactance 


In summary it may be stated that the author offers an em- 
pirical method of calculating the natural frequency of draft-tube 
surges, reviews the method of calculating the natural frequency 
of the electrical system, and concludes that the factor having the 
greatest influence on the magnitude of the power swings is 
the relation between the frequency of the draft-tube surge and the 
natural frequency of oscillation of the generator and its inter- 
connected power-distribution system. When based on the 
meager experience with units as outlined in Table 1, the follow- 
ing additional conclusions may be drawn: 


(a2) A magnification factor of 1.5 or less indicates that power 
swings will not cause any operating difficulty. 

(b) The effect of the transmission line is to lower the natural 
frequency of the electrical system. 

(c) For the case of one generator connected to a long trans- 
mission line, the effect of the transmission line must be included. 

(d) For the case of two or more generators operating in paral- 
lel, the maximum frequency approaches the maximum frequency 
of one generator connected to an infinite bus. 

(e) A runner designed to avoid excessive whirl at the center 
of the draft tube throughout the critical range will not produce 
power swings of the character described in the paper. 


AUTHOR’s CLOSURE 


Mr. Darland mentions the venting of the cover plates at the 
Cushman No. 2 hydroelectric plant. This is one of the few cases 
where venting reduced the power swings without causing a ma- 
terial reduction in turbine efficiency. The power swings in this 
tase were small, being less than 5 per cent of the rated output 
ind, thus, a large reduction in the swings was obtained with a 
mall amount of air admitted to the draft tube. 

The close agreement Mr. DuBose obtained between calculated 
ind observed values of the natural periods of oscillation of vari- 
ous generators is very gratifying and establishes the fact that the 
tatural period of a generator may readily be calculated during 
the design stage. 

Mr. DuBose questions whether it is possible for draft-tube 
Surges to exceed 60 cycles per min. Fig. 3 of the paper mentions 


183 


draft-tube and penstock pressure surges at the rate of 320 per 
min in a 1700-kw, 260-ft head, 900-rpm turbine. The frequencies 
of both the draft-tube and penstock surges were carefully ob- 
served at this plant and there is no question regarding their oc- 
currence at this high rate. 

Mr. Growdon and Mr. Bleifuss state that the difficulty of 
placing fins in draft tubes already built might be great. However, 
experience has shown that properly designed fins are quite easily 
installed either in low-head plants of large physical dimensions 
or in high-head plants where high velocities are encountered. 
Fins thus properly designed and installed will remain in place as 
long as the draft tube does. 

Experience with models and field tests on draft-tube fins has 
also shown that, when properly designed and located in the draft 
tube, they will not reduce the maximum output of the turbine 
and will reduce the maximum efficiency only slightly if at all. 
This is explained by the fact that, at the best efficiency gate, the 
flow in the draft tube is very nearly axial, the fins, therefore, 
presenting but slight obstruction to the flow at this point. How- 
ever, part-load efficiency may be reduced as much as 1 per cent, 
depending upon the amount of whirl in the draft tube. 

The detailed description of Mr. Growdon and Mr. Bleifuss of 
their investigations of power swings in a 55,000-hp, 135-ft-head 
turbine is a valuable contribution and certainly indicates the 
true source of the draft-tube surges and disturbances. 

Mr. MacDonald’s description of the variations in load swings 
with a change in the characteristics and setup of the transmis- 
sion and distribution system opens up a field for further and 
more thorough investigation. 

Mr. Roberts is correct in stating that a 10 per cent power swing 
might be objectionable and might cause uneasiness to the opera- 
tor. However, this is not true in all plants. There is a case on 
record where a number of duplicate units developed power swings 
of 10 per cent of the rated output of the turbine. It was demon- 
strated on one of the units that the power swings could be elimi- 
nated by the installation of fins in the draft tube with only a slight 
loss in efficiency. However, the owners of the plant preferred to 
operate the remaining units with the power swings present rather 
than to install the fins. These units have been in operation for 
nearly 10 years. There are numerous other cases where units 
have been in operation for 10 years or more with power swings of 
10 per cent or greater. 

The author agrees with Mr. Roberts that changing the WR? 
of the generator would be an expensive method of avoiding reso- 
nance conditions. A change in speed of the unit might be less 
costly and might be likely to give more definite results. 

Mr. Sharp’s apparently limited experience with power swings 
seems to indicate that, where the draft-tube surges occur at the 
larger gate openings, the frequency is somewhat greater than 
given in the author’s empirical formula. One of the theories for 
the origin of draft-tube surges, which the author is investigating 
at the present time, seems to indicate that the frequency will 
increase with an increase in gate opening. 

Mr. Winter’s description of the draft-tube surges at the 
Guernsey power plant, which did not produce any power swings, 
and his table showing the magnification factors and field results 
of various installations, are an excellent illustration of the theory 
advanced by the author that resonance conditions must be pres- 
ent before the draft-tube surges can produce serious power 
swings. We should, therefore, not lose sight of the fact that the 
electrical system is a contributing factor in the production of 
power swings and that part of the responsibility should be so 
delegated, especially when exact resonance conditions are en- 
countered. 

It seems fairly well established at the present time that draft- 
tube surges are caused by the whirl of the water in the draft 
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tube, which whirl is produced by the angular flow of the water 
leaving the runner vanes. The consensus of opinion of those 
discussing this paper seems to be that draft-tube surges can and 
should be eliminated by proper runner design. However, a hy- 
draulic-turbine runner can be designed to give axial discharge 
for only one gate opening and for only one speed. For any other 
gate or for any other speed there will be a whirling discharge. 
Since turbines usually have to operate at various gate openings 
and sometimes have to operate under a wide range of head at 
fixed speed (which corresponds to a varying unit speed), draft- 
tube whirl will be present under some of the conditions of 
operation. Also, in some plants the tailrace elevations may 
vary considerably with a consequent variation in draft-tube 
conditions. 

Therefore, it may become exceedingly difficult to design a 
runner which will operate satisfactorily under a wide range of 
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conditions with the high efficiency and high specific speeds de- 
manded at the present time. It may then be necessary to make 
use of such devices as fins in the draft tube to assure smooth opera- 
tion under the various conditions. 

At the present time, dividing walls and splitters are used near 
the exit of the draft tubes. Fins and baffles are used in the suc- 
tion pipes of pumps to straighten out the flow and increase the 
efficiency of the pump. Baffles are used to guide the flow of air 
and water around elbows with a minimum of loss and disturb- 
ance. Fins are used in impulse-wheel nozzle pipes to prevent 
whirling water from distorting or breaking up the jet. Similarly, 
fins in hydraulic-turbine draft tubes, properly designed and in- 
stalled to counteract the bad effects of whirling water, may be- 

ome a standard part of turbine installations as a definite insur- 
ance against rough operation and excessive power swings, regard- 
less of improvements in runner design. 
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Generator Characteristics as Affecting 
System Operation 


By SHERWIN H. WRIGHT,! EAST PITTSBURGH, PA. 


In an interconnected power system the frequency regu- 
lation and tie-line power swings are influenced by the elec- 
trical characteristics of all electric equipment connected 
to the system, including generators, lines, and miscellane- 
ous motors, as well as by the mechanical characteristics 
of all rotating apparatus. In this paper the interrelated 
action of these factors is visualized by means of the me- 
chanical analogy developed in connection with power- 
system stability, and this is augmented by a discussion of 
angular displacement with load and kinetic-energy values 
for typical machines, generator reactance, and short- 
circuit ratio. 


INTRODUCTION 
aw OBJECT of this paper is to discuss some of the more 


important characteristics of synchronous generators which 
affect frequency regulation and tie-line power swings. 

In observing the system operation of interconnected electric- 
power systems, with speed regulation and tie-line loading par- 
ticularly in mind, one is struck by the great number of variables, 
interrelated in a complex manner, the composite action of which 
determines the actual frequency regulation and tie-line loading 
characteristics observed. For example, if at a given instant a 
frequency corrective action is initiated, the results obtained de- 
pend not only upon the electrical characteristics of generators, 
transformers, lines, and load, but also upon the mechanical char- 
acteristics of all rotating equipment connected to the generators 
and motors throughout the system. Likewise, the power swings 
on interconnecting transmission lines are in fact electromechanical 
oscillations which involve the same factors mentioned. 

In visualizing and analyzing these matters, the electrical engi- 
neer is prone to, and justified in, reverting to concepts and 
methods developed in connection with power-system stability. 
As used here, “‘power-system stability” is concerned with the suc- 
cessful parallel operation of a-c machines as affected by the elec- 
trie power transmitted; considerable attention was focused on 
it,and a practical analysis made, when long-distance power trans- 
nission came to be explored. 


MECHANICAL ANALOGY 


Since system stability has many elements in common with the 
problems of frequency regulation and tie-line power swings, it 
will be useful to refer to the mechanical analogy of power-system 
‘ability, developed by S. B. Griscom (1).? Fig. 1 shows a model 
{this mechanical analogy, and lists the electrical quantities in- 
volved in power transmission and their mechanical analogies. 
Some of these models are in use by utilities and universities. 

This mechanical model is not limited to illustrating electric- 
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power transmission in high-voltage transmission lines. It simu- 
lates electric-power transmission between any two points of 
known voltage connected by an impedance which can be taken 
as pure reactance (represented by the spring). In Fig. 1 there 
are two arms fixed to separate hubs which are mounted concen- 
trically but free to turn independently. The cord passing through 
the pulley has one end fixed to each hub so that a weight on the 
pulley tends to separate the two arms, being opposed by the coil 
spring connected near the arm ends. The orthodox description 
of this analogy is in terms of voltage and current vectors, as 
suggested by the analogies listed in Fig. 1. However, it may be 
more convenient to look upon the two arms not as vector volt- 
ages but instead as radial chalk marks on the shaft ends of two 
synchronous machines, these chalk marks being viewed in the 
light of a stroboscopic lamp. 

Suppose for example, we are considering the action of a single 
generator with respect to a large system of capacity relatively so 
great it may be considered as an “infinite system.” Imagine the 
system simulated by a single huge equivalent synchronous ma- 
chine which when running maintains exactly 60-cycle speed and 
constant terminal voltage. Imagine this machine to be beside 
the single generator. Suppose that, with both the generator and 
system machine at a standstill, we find they are 2-pole machines, 
and so place a radial chalk mark on the shaft end of each in line 
with the center of the North field pole. When running, the 
system chalk mark is represented by the arm in Fig. 1 labeled 
motor voltage, its terminal voltage by the radial distance to the 
point of spring attachment and, for an infinite system, this arm 
would be anchored. The generator chalk mark is represented by 
the arm labeled generator voltage; the inertia of this arm and 
hub simulate that of the actual generator. With the generator 
“floating”’ at no load, the chalk marks viewed in stroboscopic 
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light would be in line, no angle between them and, in Fig. 1, 
the two arms would be coradial, the spring being absent. As 
the generator prime-mover gate is opened, the generator mark 
will shift ahead in the direction of rotation as seen in the light of 
the stroboscopic lamp. In the model, Fig. 1, this loading is simu- 
lated by placing a weight on the pulley, stretching the spring. 
If in the model the weight is added suddenly, there will be over- 
swing, the spring stretching on its first swing beyond its final 
equilibrium position. 

Should this generator, while floating at no load, be retarded 
as by the brakes on a hydroelectric unit, its mark would shift 
behind the system mark and the generator would draw power 
from the system, and this action is again simulated by the 
model. 

The model in Fig. 1 is so constructed that the loading of the 
generator and the motor is simulated by means of a single weight 
connected by a pulley and cord in such a way as to produce rota- 
tional forces on generator and motor arms. The model might as 
well have been made with two separate but equal weights (each 
weighing one half that used in Fig. 1), one for generator load and 
one for motor load. However, unless the two weights are exactly 
equal a net torque would exist and a net rotation of the two arms 
would take place. This net rotation would simulate what actually 
takes place in a system when load is increased or decreased and 
system frequency changes slightly before the governors operate. 
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Here again the mechanical analogy allows visualization of both 
the electrical and mechanical factors, for both steady-state and 
oscillatory conditions. 


ANGULAR DisPLACEMENT Versus LOAD IN TyPICAL GENERATING 
UNITS 


The angular displacement in actual hydroelectric and turbo- 
generator units is illustrated in Figs. 2, 3, 4, and 5. A generator 
is electrically ‘stiffer’ under suddenly changing toad conditions 
than it is under gradually or slowly changing load conditions. 
This is due to the tendency of the field winding to maintain its 
flux linkages and therefore internal-voltage constant at the value 
existing before the sudden load change occurs. This is exemplified 
in Figs. 3 and 5 which show that to develop any given value of 
electric-power output, the angular displacement need not be as 
large for transient as for steady-state conditions. By sudden 
change is meant one, for example, involving an oscillation having 
a period of less than 1 sec or, to be more precise, less than the 
transient time constant of the machine. 

The curves for transient conditions merely show the angular 
displacement that must exist in order for the generator to develop 
corresponding values of electrical kw output. They do not show 
the maximum angle through which a machine will swing under 
conditions of sudden load changes because, in this case, the 
mechanical inertia causes overswing. 
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QUANTITATIVE ANALYSIS 


In addition to visualizing these phenomena, it is pertinent to 
review some of the mathematical relations. As given in Fig. 1, 
the power P transmitted between two points having voltages E, 
and E, with the reactance X and phase angle ¢ between them, is 

E,E, 
X 
ages in kilovolts and reactance per phase in ohms gives total 
power in megawatts (thousands of kilowatts).) This, of course, 
neglects damping torque which is generally small, being propor- 
tional to the slip frequency. 

This equation then defines conditions completely, providing 
they are steady-state conditions so that inertial effects are absent. 
Under oscillating or transient conditions, however, an attempt at 
a formal mathematical solution leads to an elliptic integral. In 
multimachine transient-stability studies, this is circumvented by 
employing a step-by-step solution, usually with the aid of the a-c- 
network calculator where the power system is set up in miniature. 
It is interesting, however, to investigate an approximate solution 
for the two-machine case when oscillations are small enough in 
amplitude so that the cosine of the angular change may be taken 
as unity and the sine as equal to the angular change itself. In 
this case, the period of the natural-frequency oscillation is 


P= sin ¢. (For a 3-phase system, using line-to-line volt- 


fo E,E, 
where 
WW = stored energy at normal speed, in kwsec divided by 


1000 
fo = normal system frequency in cycles per sec 
Y, and E, = fixed voltages of the two synchronous machines 
or systems in kv, line to line 
¢ = initial phase angle between them 
X = reactance between them in ohms per phase 


When one machine or station is swinging with respect to a large 
or relatively “infinite” system, W is the stored energy of that one 
machine. When the two machines or systems involved have 
comparable values W; and W; of stored energy, W in the formula 
is replaced by + W;). Asingle unit or station swing- 
ing with respect to a large system may have a period of less than 
| sec, while two large systems may swing with a period of several 
seconds. 

For this two-machine case, the amplitude of the oscillation is 
independent of the system inertia, if variations in prime-mover 
input and shaft loads are neglected. The period however depends 
upon the stored energy. The period may be increased by increas- 
ing reactance but, as seen from the previous power equation, this 
would handicap the tie by reducing the maximum power which 
could be transmitted. In the two-machine case the overswing 
can be determined readily, as in stability studies, by the “equal- 
area method” (3). Analysis of amplitude and period for any 
particular system becomes quite complicated when governor 
operation is involved. A practical solution probably necessitates 


carrying out a step-by-step process, with the aid of an a-c-network 
calculator. 


MAcHINE REACTANCE 


The machine reactance involved in these system oscillations or 
changes depends upon the period and duration of the oscillation. 
A quantity used commonly in synchronous-machine short-circuit 
and stability calculations is “transient reactance.” Its name sug- 
gests use under any transient condition. However, transient 
reactance accurately characterizes a machine only at the instant 
when a sudden change in armature current takes place. In prac- 


tice it is usually applied only where the time interval being in- 
vestigated is roughly less than the machine transient time con- 
stant. When generator loading is being changed at a slow rate 
such as 20 per cent load in 5 sec, transient reactance is not appli- 
cable. The machine reactance under such conditions changes with 
load because of saturation. If a voltage regulator changes field 
current, thus affecting internal voltage, this must also be taken 
into account. Furthermore, when load is changing slowly on a 
salient-pole machine (such as a water-wheel generator, in contrast 
to a cylindrical-rotor turbine generator) the two-reaction theory 
involving a direct axis reactance and a quadrature axis reactance 
is applicable. 


Storep KINETIC ENERGY 


The stored energy in a system may be estimated from a 
knowledge of the rating and type of all connected machines, in- 
cluding load as well as generating equipment. In the case of 
the generating equipment, this is a straightforward calculation 
when the stored-energy value for each individual unit is available. 
When the WR? in lb-ft? is known, the stored kinetic energy is 
given by 


W = 2.31(10~7)(rpm)*(Ib-ft?) = kwsec 


When individual values are not available, estimates may be 
made from the data given in the following section. The energy 
stored in motor loads may form a large percentage of the total 
system stored energy and, in such cases, should be included. In 
estimating these the connected-motor capacity should be used 
rather than the net power supplied. The section following gives 
representative values of stored energy for the three types of ro- 
tating-machine load, i.e., synchronous motors, induction motors 
and rotary converters. 

Having determined the total stored energy in a system, its 
change for a given frequency change can of course readily be com- 
puted since it varies as the square of the frequency. When fre 
quency changes, another factor to be considered is the variation 
of shaft torque exerted by the motor-driven loads themselves 
Few data are available on this point, partly because any system 
power measurements will be greatly affected by voltage varia- 
tions, lighting load, for example, varying as the 1.5 to 2 power 
of the voltage. Some measurements indicated the total system 
load varying approximately as the square of the frequency. The 
rate at which frequency changes from one value to another de- 
termines the relative importance of this load characteristic with 
respect to the total system stored energy, the latter being the 
dominating factor when the frequency changes at a rapid rate. 
When attempting to evaluate this particular characteristic from 
system measurements at different frequencies, it is essential that 
any change in voltage be taken into account lest it give false con- 
clusions. 

Stored-energy values of generators are conveniently expressed 
in kwsee per kva of rating so that, knowing this value for any 
class of machine, the stored kinetic energy at rated speed of a 
particular unit is readily evaluated as the product of its kva rating 
and the kwsec per kva, the result being energy expressed in kwsec. 
Conversion to other units such as hp-hr or ft-lb can readily be 
made. For example, multiply kwsec by 737.6 to obtain ft-lb, or 
multiply kwsec by 0.369 to obtain ft-tons. Comprehensive 
stored-energy data are given in (2) and repeated here. 

Fig. 7 gives the stored energy of hydroelectric units, total of the 
generator and the water-wheel runner, the water wheel being 
about 15 per cent of the total. Fig. 6 gives stored energy for large 
turbogenerator units, condensing as well as noncondensing. It 
is to be noted that while the 3600-rpm noncondensing turbo- 
generator units have values which are of the same order as 
for water-wheel units, the 1800-rpm and 3600-rpm condensing 
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units have kinetic-energy values much greater, twice as much or pve on alr-ga 
more. Thus while a 10,000-kva slow-speed water-wheel unit Condensers than 
possesses about 1.75 kwsee per kva, a 10,000-kva 1800-rpm con- Loree actua 
densing turbogenerator unit has about 9.4 kwsec per kva. The Synchronous motors...... that 
energy in these 10,000-kva units at rated speed would be 17,500 Rotary eonvertare.ccscsrssscscesesosesneveseces 2000 ~_ 
kwsec (or 6450 ft-tons) for the water-wheel unit, and 94,000 kw- preses 
sec (or 34,700 ft-tons) for the turbogenerator unit. Suort-Circuir Ratio In 
The effect of increasing water-wheel-generator inertia upon Mechanical energy is put into the shaft of an a-c generator ae 
Si grengestapecngemageemnsieninaaqoningrionnsiaans and electric energy taken from the stator terminals. Between a 
is Mite tt i | | | the rotor and stator is an air gap and, because of this, it is often flici 
3|s Non TT TT said that all energy input to the shaft must “cross” the air gap. ate 
zs 8 os en — What allows this energy to cross the air gap is a magnetic field It req 
= =. or flux which exists in it, called the air-gap flux. Anything that what 
a affects this air-gap flux also affects the power- or energy-trans- a. 
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Fig. 10 Ssort-Circuir SaTuRATION CuRVE 
mitting ability of the air gap and, therefore, the ability of the 
machine to put out electric energy. 
| Air-gap flux is usually thought of as being determined primarily 
| by current in the field winding and this is illustrated by any a~ 


Increased Machine Cost, Per Cent 


| load saturation curve, Fig. 9, which shows how, at no load (arms 
9 20 40. 60 80 100 ture winding open), the armature voltage varies with field cu 
Increased Inertia. Per Cent rent. However, current flowing in the armature winding hss $ 
decided effect on the air-gap flux and a particular “type” of arms 


Fig. 8 ApproximaTE Cost OF INCREASING INERTIA OF LARGE Sig ] 
VerTICAL-TyPE WATER-WHEEL GENERATORS ture current has a strong demagnetizing or weakening effect © 


the air-gap flux. This “type” of armature current is commonly 

the cost is illustrated approximately in Fig. 8. Such increases in known as zero-power-factor lagging current or as demagnetiziné 
inertia are desired not only for hydraulic reasons but also oc- current and is the kind that flows when the armature is shorted 
casionally for stability reasons. at its terminals or when it is connected to an inductive 1084 
For rotating machines other than hydroelectric and turbo- Under actual operating conditions in a system, a generator usually 
generator units, the following table affords average values from supplies current which has a demagnetizing component. Thus 
which stored energy may be estimated. requires more field current to produce any specified amount a 
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air-gap flux when armature demagnetizing current is flowing 
than when there is no armature demagnetizing current. Under 
actual operating conditions, the air-gap flux is the resultant of 
that which the rotor-field current tries to produce, minus the 
bucking effect of any armature demagnetizing current that is 
present. 

In order to gain an idea of how much weakening effect a given 
amount of armature demagnetizing current has on a given ma- 
chine the following test may be made: 

Short-circuit the three armature terminals and then apply 
sufficient field current to cause rated armature current to flow. 
It requires a certain amount of air-gap flux to cause this armature 
current to circulate, even though the terminal voltage is zero. 
This test thus measures the amount of field current required to 
produce a certain amount of air-gap flux when being “bucked” 
by a specific amount of armature demagnetizing current. The 
greater this required field current, the weaker is the field in rela- 
tion to the armature. A “strong” machine is thus one in which 
this required field current is low, since that indicates air-gap flux 
is determined principally by the field current. Suppose this re- 
quired field current is 500 amperes. Since this is an abstract 
quantity with little meaning in itself, in order to compare 
machines, it must be possible to express this in per cent or per 
unit with respect to some reference level. The field current re- 
quired for rated voltage at no load is a handy and definite refer- 
ence; suppose it is 550 amperes. Just how can the no-load field 
current be made useful as a reference? The natural thing to 
do is to take a ratio and, if it is to be indicative of the relative 
strength of field with respect to armature, this ratio must be the 
no-load value of 550 amperes divided by the short-circuit value 
of 500 amperes field current, giving 1.10. 

This ratio of (no-load-rated-voltage field current) to (field cur- 
rent required to circulate rated armature current on 3-phase 
sustained short circuit) is called the short-circuit ratio and the 
American Institute of Electrical Engineers definition is in these 


A 
terms. Thus, from Figs. 9 and 10, short-circuit ratio = —. Be- 


cause of the fact that, when the machine is short-circuited, the 
armature current is almost exactly proportional to field current 
Fig. 10, it turns out that short-circuit ratio is equal to the 
number of times rated armature current which flows on sus- 


tained 3-phase short circuit, when the field current is set at the 
value required for rated voltage at no load. 

For a generator which is operated with field current manually 
controlled, short-circuit ratio is an indication of the steady-state 
stability characteristic of the machine, provided that the field cur- 
rent is normally set and left at a definite field value such as the 
no-load-rated-voltage value. However, if this same machine has 
its field current automatically controlled, as by a generator volt- 
age regulator (as is almost always the case with water-wheel 
generators), then short-circuit ratio is not a direct indication of 
the steady-state stability characteristic because, as armature 
demagnetizing current increases and thus tends to reduce the air- 
gap flux, the voltage regulator will boost the field current. The 
automatic control of kw output and speed by a governor has its 
counterpart in the generator voltage regulator which automati- 
cally controls field current, using terminal voltage as an index. 


CONCLUSIONS 


The analysis of frequency regulation and tie-line loading in 
extensive power systems is a complicated matter which can be 
visualized to a fairly complete degree by means of the mechanical 
analogy developed in connection with power-system stability. 

In studying frequency regulation in a system, the conditions 
are such that synchronous machines ordinarily cannot adequately 
be characterized by transient reactance as they are in transient 
stability studies. The action of voltage regulators and the effect 
of saturation on the synchronous reactance must be considered. 

The a-c-network calculator which allows quantitative analysis 
of a power system in miniature, and which is used in steady-state 
as well as transient stability studies, affords a means of analyzing 
frequency regulation in an interconnected system. 
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Steam-Turbine Governors 


By REED J. CAUGHEY,' SCHENECTADY, N. Y. 


This paper has been prepared as a contribution to a 
symposium on the subject of steam-turbine governors. 
The importance of the subject at present arises more from 
the increasing complexity of interconnection requirements 
_ than from any definite deficiency in existing apparatus. 
_ Attempts have recently been made to draft specifications 
_ for governing equipment that might be applicable both to 
_ steam and hydraulic prime movers. The purpose of this 
paper is to state briefly the essential characteristics, func- 
tions, and behavior of governing apparatus both for con- 
_ densing and superposed turbines. Definitions are sug- 
_ gested for terms and phrases frequently used without defi- 
nite significance. In conclusion the essential points of a 
briet specification are outlined for the purpose of discus- 

sion. 


HE governing requirements for steam-turbine gener- 
ators, in regard to stability and safety of operation, can 
generally be determined by the manufacturer and each 
turbine is supplied with a governing mechanism by means of 
which the manufacturer endeavors to meet these requirements. 
These requirements vary considerably with the type and size of 
_ turbines as will be explained later. 
On the other hand, the characteristics of turbine-governing 
- mechanisms to suit them best to the particular requirements of a 
purchaser’s system and load usually cannot be so readily deter- 
' mined by a manufacturer. In addition the effect of turbine- 
' governing characteristics on power-system stability is a contro- 
versial matter and warrants more investigation. This discussion 
_ has been planned with the idea of aiding the purchaser in deter- 
mining and stating the governing characteristics desired for a 
particular turbine generator to suit it in the best way to his sys- 
tem, and to permit the manufacturer to interpret these require- 
_ ments and make his design such as will meet them. 
_ The satisfactory operation of the governing mechanism of a 
_ steam turbine depends upon the sensitivity and response of this 
mechanism. 
The relation of these two characteristics of a governing mecha- 
_ tism to the regulation, rapidity of load change, and protection 
| against overspeeding is useful in determining the design limits of 
 &governing mechanism. 
To develop the effect of these relations, this paper will discuss: 
(1) General principles of governing; (2) governors and their 
limitations as speed indicators; (3) governing mechanisms and 
» their limitations due to regulation and rapidity of load changes; 
_ (4) protection of the steam turbine against overspeeding. In 
_ addition (5) a short description of the governing problems en- 
_ countered in the design of superposed steam turbines is included 
| With (6) a tentative specification for steam-turbine-governing 
mechanisms. 


GENERAL PRINCIPLES OF GOVERNING 
The governor of a steam turbine is shown diagrammatically in 
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Fig. 1. It may be a simple governor controlling the steam valves 
as shown in A, or it may operate the steam valves through the 
controlling mechanism as shown in B. It may also operate the 
steam valves through a primary relay and control mechanism 
as shown in C. In all of these arrangements, the governor of a 
steam turbine is designed to control the power output with a 
nominal variation in turbine speed and to prevent dangerous over- 
speeding of the turbine. The method of controlling the output 
will be discussed first. 

As the load upon the turbine changes, there will be a change in 
turbine speed, providing the steam input, and hence the power 
output, of the turbine buckets remains constant. It is the func- 
tion of the governor to measure this speed change and to change 
the steam input to suit the new load. To change the steam input, 
the governor is designed so that a change in its speed of rotation 
is converted into a corresponding displacement of the governor 
weights or equivalent. By means of any of the arrangements 
shown in Fig. 1, this displacement in turn actuates the steam 
valves controlling the steam input to the turbine. The amount of 
this displacement required to move the steam valves from 
wide-open to shut (total valve stroke) or vice versa is called the 
“effective stroke’ of the governor. The regulation of the 
governor is the speed change required to cause the governor to 
move through its effective stroke. 

Under steady-state conditions, Fig. 2 shows a definite relation- 
ship between governor speed and effective governor stroke. Fig. 
3 shows a similar definite relationship between total valve stroke 
and the effective stroke of the governor. In Fig. 4 these same 
data are replotted showing the relationship between governor 
speed and total valve stroke. This last figure also shows that, for 
each speed of the turbine, there is a fixed valve position and, 
therefore, a fixed steam input. 


GOVERNORS AND THEIR LIMITATIONS AS SPEED INDICATORS 


In Fig. 5 governor speed is plotted against the effective stroke 
of the governor. Line AB is the same as line AB in Fig. 2. 
A governor which has no internal friction and does no external 
work will have the characteristics shown by this line. In this 
paper this form of governor will be called a perfect governor. 
With a perfect governor, speed change and response are simul- 
taneous. 

An actual governor has internal friction so that a speed change 
is necessary to build up a force to overcome this friction. This 
change in speed without governor response is shown by the 
lines drawn through C,C on each side of the line AB. Lines are 
drawn on both sides of line AB, since the internal friction of the 
governor is resisting the governor response as its speed either in- 
creases or decreases. This change in speed C without governor 
response is a measure of the sensitivity of the governor. 

Besides overcoming internal friction, any actual governor as 
shown in Fig. 1 has to perform external work in order to move the 
steam valves. This external work has the same effect as 
the internal friction and further reduces the sensitivity of the 
governor. This effect is shown by the lines drawn through D,D 
on either side of the line AB. 

In order to reduce the external work done to a minimum, a 
power amplifier is required whose power is controlled by a valve 
moved by the governor. This valve is called the primary pilot 
valve and the complete power-amplifying device is called a relay 
mechanism. The combination of this relay mechanism and the 
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CAUGHEY—STEAM-TURBINE GOVERNORS 


The action of the governor when operating the steam valves will 
be discussed next. In order to show the effect of a change in 
steam input upon a turbine, the relationships between turbine 
_ speed and effective governor stroke, valve stroke, and time are 
- shown in Fig. 6. If the turbine loses full load, the steam valves 
_ must move through their total valve stroke. In order to move the 
_ steam valves through their complete stroke, the governor must 
make its complete stroke as shown at A. The speed change re- 
_ quired for this movement is the regulation as shown by the ver- 
tical ordinate for charts A, B, and C. In these charts the regula- 
' tion is shown as 5 per cent. As the governor makes its effective 
_ stroke, the steam valves make their total valve stroke. The speed 
change for this total valve stroke is shown at B. 

If the steam input to the turbine remains constant, the time 
required for the 5 per cent speed change will be as shown in C 
and will be fixed by the rate of acceleration of the turbine rotor. 

In order to obtain a total valve stroke, corresponding to ef- 
fective governor stroke, it is necessary to have the time required 
_ for the valve to make its total stroke no greater than the time 
' required for the speed to reach the value represented by the 
| regulation. This is shown at D. 
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) (The “lag” is + ZO or less. The lines through C,C and D,D show elements 
> contributing to lag. The distance +CO is a measure of the sensitivity, being 
i smaller the greater the sensitivity.) 


In the ideal case, the time available for total movement of the 
| steam valve under a full-load change will be the time required 
"for the speed to change an amount equal to the regulation for 
» Which the governor has been set. 

There are numerous practical considerations which make it 
| difficult to approach this ideal case. In the case where a con- 

trolling mechanism is used Fig. 1(B), there will be a time delay, 
) 8 time is required to initiate any motion which uses a fluid as 
the power medium. The magnitude of the time delay of a con- 
} trolling mechanism is a function of the quickness and amount of 
| Movement of the main pilot valve. The power required to move 
§ this main pilot valve is supplied by the governor and, as shown in 
Fig. 5, this is obtained at the expense of sensitivity of the gover- 
hor, 

It will be seen, therefore, that if the load changes are slow with 
correspondingly slow speed changes, an extremely accurate 
governing mechanism may be designed. This is due to the fact 
that these slow speed changes require slow motion of the steam 

valves which may in turn be obtained by a small main pilot 
valve with a small stroke and with a correspondingly small amount 
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of external work done by the governor. When, however, the load 
changes are fast, with correspondingly fast speed changes, then 
the design of an extremely accurate governing mechanism be- 
comes difficult. To obtain a fast movement of the steam valve, 
a large main pilot valve with a large stroke is necessary, and this 
in turn requires a large amount of external work by the governor 
and a loss in its accuracy. 

For this reason, relay governors have been developed which 
impose a relay mechanism between the governor and the control- 
ling mechanism as shown in Fig. 1(C). This relay has an ad- 
ditional time delay which must be taken into account when deter- 
mining the response of the governing mechanism. 
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Fig. 6 IpeaL ReLations BETWEEN TURBINE SPEED, EFFECTIVE 
GovERNOR STROKE, VALVE STROKE, AND TIME TO ACCELERATE 
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Fie. 7 Rewation BETWEEN VALVE-OPERATING TIME, REGULATION, 


AND ACCELERATION WITH AN IDEAL GOVERNING MECHANISM 


(This diagram shows that the slower the valves or the greater the accelera- 
tion, the greater must be the regulation in order to have perfect governing.) 
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Fie. 8 Reiation BETWEEN AMOUNT OF INSTANTANEOUS LoaD 
CHANGE AND TIME REQUIRED TO ACCELERATE TURBINE Rotor To 


110 Per Cent 


(The smaller the instantaneous load change, the slower may the valves oper- 


ate in order to follow the speed.) 


It has already been noted that the steam valves must make a 
complete stroke from wide-open to shut in the time required for 
the steam turbine to change its speed an amount equal to the 
regulation. This is shown in Fig. 7, where the turbine speed BC 
has changed 5 per cent in the time AB. Since with a perfect 
governing mechanism the steam valves will be shut when the 
governor has made its effective stroke, the time for 100 per cent 
valve stroke will also be represented by time AB. If, however, 
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the speed increases 5 per cent in the time AD, then either the 
valve must be able to make its complete stroke in this same time, 
or the regulation must be increased as shown by the line BE so 
that the speed rise, represented by the regulation, will require 
as much time as the valve closing time AB. 

A perfect governing mechanism locates the steam valve at the 
new load point at the same time that the steam-turbine speed 
reaches the speed corresponding to this new load. 

As is shown in Fig. 8, a given turbine rotor will accelerate to a 
given speed in the time AB for a full load change. It will ac- 
celerate to the same speed in the time AC for a */, load change and 
in the time AD and AE for '/2 and !/, load changes. This indi- 
cates that, for a given turbine rotor, the less the instantaneous 
load change, the slower the valves need to move in order to fol- 
low the speed. 
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Fie. 9 BETWEEN VALVE-OPERATING TIME, Rotor-Ac- 
CELERATION TIME, AND LaG OF GOVERNING MECHANISM 


(This shows that the slower the valves move, the slower must be the turbine 
acceleration in order to obtain the same lag.) 


In general, steam turbines fall into two classes as far as govern- 
ing is concerned. These classes are, first, a single turbine in an 
isolated factory or power plant operating on a variable load and, 
second, a number of turbines in large central stations connected 
together on a common distribution system. 

Steam turbines in actual service are not called upon to make 
full load changes continuously, except under abnormal power- 
system conditions. In view of the foregoing limitations, it 1s 
necessary for the designer to know the magnitude and rate of all 
load changes. This will depend upon the character of the load 
and the number and size of the turbines connected together. 
Knowing the magnitude and rate of all load changes, it is pos- 
sible to design a governing mechanism which has any specified 
lag. This lag will not be exceeded as long as the magnitude and 
rate of the load changes are not more than has been specified. 
Besides the magnitude and rate of load change, the entrained 
steam between the steam valves and the turbine exhaust is another 
determining factor not only of the type of governing mechanism 
but also of the possible lag which can be obtained. 

If the time required for 100 per cent total valve stroke is AD 
in Fig. 9 and the turbine rotor changes speed 5 per cent in this 
time, then there will be perfect following of the turbine speed by 


the valve, providing the regulation is 5 per cent. If, however, 


thevalves have a time delay of ABand a speedof movement repre- 
sented by the time BE, then there will be a lag of the valves of 
20 per cent of the stroke as shown by the line MN. When the 
valves have a time delay represented by AC and a time for 100 
per cent stroke of CK, then to obtain the same lag the time 
required for the rotor to accelerate must be AH which necessi- 
tates a smaller or slower load change. 

The ability of the governing mechanism of a steam turbine to 
position the steam valves for a given load change without sus- 
tained movement of the steam valves is called stability. The 
stability of a governing mechanism depends upon the magnitude 
of the lag shown at MN, Fig. 9. 

As this lag of a governing mechanism is a function of the speed 
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of response of this mechanism, it follows that the regulation of 
the governor, as defined previously, materially affects the char- 
acteristics of the governor. 

Stability of the governing mechanism, therefore, should be 
defined in terms of regulation and speed of response of the 
governing mechanism. Stability, of course, cannot be obtained 
without a certain sensitivity. In general, the slower the response 
of the governing mechanism, the greater must be the regula- 
tion of the governor if the sensitivity remains constant, in order 
that the governing mechanism may have a minimum lag. 

In Fig. 10, if the steam valves can make their complete stroke 
in the time AB, then if the rotor acceleration is fixed by the line 
AC, a8 per cent regulation will permit the steam valves to reach 
the position corresponding to the speed. 

If the steam valves require the time AD to make their complete 
stroke then, when the speed reaches 103 per cent, the valves will 
have completed only 60 per cent of their stroke (or a lag of 40 
per cent) and it will be necessary to increase the regulation to 5 
per cent in order to permit the valves to be in the proper position 
corresponding to the speed. 

As speed of response over a certain value is difficult to obtain, 
governing mechanisms must be designed with adequate regulation. 
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TOTAL VALVE 


Fie. 10 RELATION BETWEEN VALVE-OPERATING TIME AND 
REGULATION 


(This shows that with a fixed rate of acceleration the slower the valve 
operating time the greater must be the regulation in order to have perfect 
governing.) 


This means that, from the definition of regulation, a considerable 
speed change of the turbine is necessary to change the load from 
full load to no load, or from no load to full load. This char- 
acteristic of governing mechanisms has necessitated speed-cor- 
recting devices in governing mechanisms which permit correcting 
the speed of the steam turbine after a speed change which has 
automatically followed the load change. This speed-correcting 
device on steam turbines, has taken various forms, either hand- 
operated or automatic. The latter fall into two general classes, 
ie., speed-resetting devices or automatic frequency control, 
and self-restoring devices or droop correction. 

The variation from normal speed which the steam turbine 
maintains, after the speed change due to regulation has beet 
restored, is termed droop of the governing mechansim and is 
given as the per cent speed variation from normal speed. 


ProTEcTION AGAINST OVERSPEEDING 


As has been stated previously, the governor of a steam tur 
bine has another function besides the accurate proportioning of 
the steam input to power output. This function is to prevent § 
rise in speed sufficient to trip the emergency governor on loss of 
full load. If the loss of load is instantaneous, the rate of speed 
change will depend on the W R? of the steam-turbine and generator 
rotors. In this case, lag of the governor may be compensated i! 
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by an increase in the speed of the controlling mechanism. With 
an accurate governor, the speed of the controlling mechanism 
may be slower as in either case the steam valves must be at no- 
load position when the speed has increased the specified amount. 

If it is desired to have the valves closed when the speed reaches 
110 per cent, as shown in Fig. 11 and, if the time required for this 
speed change is represented by AB, it will be possible to ac- 
complish this by moving the valve through 100 per cent stroke 
in the time AB or delaying the starting of valve movement 
by the time AC and then moving the valve through 100 per cent 
stroke in the faster time CB. 

The ability of the governing mechanism to prevent excessive 
speed rise on loss of full load depends upon the magnitude of 
the instantaneous load changes for which the governing mecha- 
nism was originally designed. In general, it may be said that 
unless the governing mechanism is designed to follow accurately 


<a 

1 
RELATION BETWEEN TURBINE Rotor ACCELERATION AND 


VaLvE-CLosinG TIME 


(This shows that the more lag there is, the faster must the valve move in 
order to prevent the turbine speed exceeding a set limit.) 


Fig. 11 


an instantaneous full-load change, the amount of overspeed on 
lossof full load will be the limit in design of the governing mecha- 
nism. 

With the governing mechanisms designed to prevent exces- 
sive overspeed, it will be found that automatically a smaller 
WR? high-speed steam turbine will be obliged to have a more 
responsive governing mechanism than a low-speed steam turbine 
having larger 


SUPERPOSED- AND EXTRACTION-TURBINE GOVERNING 


Superposed and extraction steam turbines require governors 
and governing mechanisms, the functions and characteristics of 
which are similar to those used with condensing turbines. For 
controlling the steam input a pressure governor is used. This 
pressure governor responds to changes in pressure. For super- 
posed turbines, it is not generally necessary to use the speed 
governor for controlling the steam input and, in this case, the 
speed governor is used as a pre-emergency governor only. The 
rapidity of the load change and the WR? of the turbine rotors are 
not used in the control-mechanism calculations for this class of 
turbine. In place of these effects, the rapidity of the change of 
steam flow and the volume of the back-pressure steam-distribut- 
ing system are used. For superposed turbines, the governing 
mechanism is designed to prevent excessive overspeeds of the 
turbine. The back-pressure governor and the controlling mecha- 
nism are designed with the necessary sensitivity and response to 
produce stable operation. 

Stability of operation on this type of turbine is more difficult 
to obtain than stability of a condensing turbine controlled by a 
governing mechanism. This is due to the fact that in general 
the volume of the exhaust piping between the superposed turbine 
and its associated low-pressure turbines is relatively small. 
The result of this small volume is the same as having a steam 
turbine with a very small WR? per kilowatt and means that the 


195 


rate of change of pressure is much faster than the rate of change 
of speed on this same type of turbine. 

The design of the pressure-governing mechanisms, therefore, 
following the same specifications as outlined for governing 
mechanisms, must be sensitive and responsive enough to provide 
stable governing. For the same reasons, when the speed of re- 
sponse has been made as fast as is practical, then the regulation 
of the pressure governor must be increased to a value which will 
produce stable operation. This increase in regulation, as in 
governing mechanisms, has made necessary pressure-resetting 
devices on pressure governors. These devices may be either hand- 
operated or automatic. The latter may be either pressure-reset- 
ting or pressure-restoring. 

The design and operation of large superposed turbines have 
presented some problems which have not been encountered so 
far on either the smaller turbines of this type or on condensing 
turbines. These problems have been to determine the constants 
to be used in designing in order to fulfill the requirements pre- 
viously outlined. These large superposed turbines have smaller 
rotors than condensing turbines having the same kilowatt rating. 
This means that the WR? per kilowatt is less and that the ac- 
celeration of the steam-turbine rotor and generator is much faster 
than has been encountered on other turbines. The size of these 
turbines requires, of course, large steam valves so that the 
steam-pressure drop may be held to a minimum and the efficiency 
improved. These large steam valves require large forces to oper- 
ate them. They must also open and shut quickly so that the 
governing mechanism will function as outlined previously. The 
speed of operation of the steam valves on this type of turbine 
must be exceedingly fast in order to be able to follow the very 
fast speed change of these steam turbines. 

It is not uncommon to use 100 hp to 200 hp for the movement 
of these valves. This power must be controlled by both the 
governor and the back-pressure governor with the proper sensi- 
tivity and response. This requires powerful and sensitive gover- 
nors, which have a minimum of time lag and which can control 
this power accurately. 

Extraction turbines differ from the superposed turbines since, 
in general, both governing and pressure governing are necessary 
in order to obtain the satisfactory control of power output and 
extracted steam. 

All of the problems outlined previously, covering both govern- 
ing mechanisms and pressure-governing mechanisms, apply to 
this type of turbine. It should also be noted that this type of 
turbine comes under the class of a turbine generally connected 
alone to a system, which condition may produce larger load 
changes on the steam turbine. The governing mechanisms for 
this type of turbine, therefore, must be more sensitive and more 
responsive. 

This type of turbine, for this reason, is generally equipped with 
relay governors in order to secure the degree of sensitivity re- 
quired. The relay governor produces more external work with 
less speed change, thus increasing the sensitivity and response 
and permitting very close speed control. 

This type of governor is designed with a large regulation and is 
generally equipped with automatic speed control so that the speed 
is held within close limits. 


GOvVERNING-MECHANISM SPECIFICATIONS 


At present no definite specifications covering requisites for 
governing mechanisms have been laid down by various steam- 
turbine users. It has, therefore, been necessary to design the 
governing mechanisms so that they will function in the most 
efficient manner, based upon the manufacturers’ best information 
as to operating requirements. 

We, as manufacturers, have in the past asked groups of steam- 
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turbine users to discuss with us their requirements for governing 
mechanisms. However, until recently for the most part we have 
had to form our own ideas as to these requirements. 

Within the last few months, however, a group of utility opera- 
tors under the leadership of the Hydraulic Power Committee of 
the Edison Electric Institute has submitted a tentative govern- 
ing specification for prime movers. Using this specification as a 
basis of approach, we have attempted to formulate a governing- 
mechanism specification for steam turbines used in central 
stations. The minor changes made are the result of considering 
the transient requirements and the complete governing mecha- 
nism rather than the governor alone. 

To the standard governing mechanism used by central stations 
at present, there has been added in the proposed specification 
regulation and droop control. A discussion of the value of these 
features in central-station operation might be in order following 
this paper. 

These specifications have been written to cover all of the 
points brought out in this paper. The several headings apply to 
the various requirements for governing mechanisms as outlined. 
Each heading has first a definition and then a specification. 

Sensitivity. The ability of the steam valves to respond to a 
certain sustained speed change. The sensitivity of a governing 
mechanism should be such that response of the steam valves 
will occur with not more than 0.04 per cent speed change of the 
turbine. The sensitivity of the governor should be such that 
response of the governor will occur with not more than 0.02 per 
cent in speed change. 

Droop. The steady-state change in speed for a full-load 
change. Droop shall be adjustable from zero to the regulation 
of the governor and this adjustment will be indicated. 

Regulation. The speed change necessary to move the steam 
valves from zero load to full load with no droop correction. The 
regulation shall be adjustable from 2 per cent to 6 per cent and 
will be indicated. 

Stability. The ability of the governing mechanism of a steam 
turbine to position the steam valves for a given load change 
without sustained oscillation of the steam valves. 

Overspeeding. The turbine speed shall not exceed 110 per cent 
speed on the loss of full rated load. 

Response. Perfect governing-mechanism performance is the 
exact following of the speed-load position by the steam valves. 
In practice the steam valves always lag behind the speed-load 
position. For a 6 per cent governor regulation, this lag should be 
not more than 20 per cent of the total steam-valve stroke when the 
instantaneous load change is not more than 50 per cent of full 
rated load. 

Speed Adjustment. Possible from 98 per cent at no load to 
102 per cent speed at full load. 

Load Limit. Adjustable and its position shall be indicated. 


It is hoped that this paper, together with the foregoing tenta- 
tive specifications of a governing mechanism will enable steam- 
turbine operators and designers to formulate more definite speci- 
fications for governing mechanisms which will permit the better 
functioning of steam turbines in all central-station service. 


Discussion 


J. C. Hosss.? Governor engineers are to be commended for 
their intricate analytical work in devising a mechanism which 
functions in a manner responsive to some motivating force. 
When every part functions perfectly according to the fundamental 
theory without lost motion, without wear, without dirt, without 
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falling apart, without breaking, and without lubrication or with- 
out any one of hundreds of other troubles, reliable satisfactory 
operation is secured; but, unfortunately, nothing is perfect. 
Beginning even with the governor-engineers’ design and follow- 
ing with the manufacturers’ workmanship and material, the 
erectors’ technique, and the operators’ treatment, there always 
seems to be some minor cause for what sometimes becomes a 
major accident. Today, manufacturers’ organizations appear 
to be striving more for the complex and, as a result, illustrations 
could be cited in great number where complexity has caused 
complications while the manufacturer remains complacent. 

No criticism should ever be made without at least voicing a 
constructive thought or, better yet, a solution. Therefore, with- 
out attempting to provide a detailed design for any of the myriad 
governor problems, it is suggested that the first and fundamental 
requirement of any governor, where safety and reliability are 
paramount, is that the governor design and construction shall be 
as simple as it is possible to construct and still obtain a practical 
performance of the desired functioning. Each and every gover- 
nor design should be critically analyzed with a view to determin- 
ing whether this group or that group of parts might not be re- 
placed with a single part and so on until the minimum combina- 
tion of moving elements remains. This suggestion is made in 
the interests of both the operators and the manufacturers, since 
whatever results in good operation also results in lowered costs 
for manufacturers, due to reduction in service expense and, in 
addition, life and property are safeguarded. 


R. W. McLavueuutn.* This paper presents a well illustrated 
résumé of the problems connected with the design of turbine- 
governor mechanisms. The brief statement of the case sur- 
rounding extraction-type turbines and of the fact that they re 
quire the most sensitive governing mechanisms available is well 
founded. However, due to the high sensitivity and responsive 
ness of these governors, it is not always necessary to have the 
governors set for broad regulation, which requires an automatic 
frequency control to prevent excessive speed variations. 

It has been found in numerous instances, where good frequency 
control was desirable but not of sufficient value to warrant pur- 
chase of automatic frequency-controlling equipment, that the ex- 
treme sensitivity and rapid response of the governors made it 
entirely satisfactory to set them for 2 to 3 per cent regulation. 
That is, with no manual correction of speed whatever, should the 
electrical load and extracted steam flow either or both together, 
gradually vary from zero to the maximum for which the machine 
was designed, their resultant variation in speed would be les 
than 1 cycle above or below normal. Thus, with the normal 
variations of load and extracted steam flow which, though often 
sudden, are only a fraction of the maximum capacity, manual 
correction of frequency is required only at protracted intervals 
Perhaps one of the most difficult applications of this type which 
has been worked out successfully is the case of an extraction 
turbine which operates alone in an industrial plant. The govern 
ing mechanism on this machine is taxed quite severely, since it 
serves an electrical load, the bulk of which consists of spot-weld- 
ing equipment and plant-lighting equipment, neither of which pr 
vides the system with any rotating inertia. The surge in pow? 
which results from several spot welders striking simultaneously 
necessitates continual rapid movement of the governor, sil‘ 
the system inertia is so small that the turbine speed is affected 
by these power surges, even though they are of short duration. _ 

Probably these results could not have been accomplished 
without the use of a fully compensated valve gear, by means “! 
which either the governor or extraction pressure regulator ¢# 


* Turbine Engineering Department, Elliott Company, Jeannett 
Pa. 
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correct variations in the medium it controls without disturbing 
the other. A further requirement is the use of a double oil re- 
lay governor somewhat different in arrangement but similar in 
principle to that illustrated in Fig. 1 (C) of the paper. Further- 
more, the accomplishment of such results can scarcely be ex- 
pected without the designing engineer being fully equipped with 
advance information furnished by the purchaser with respect to 
the anticipated details of operating requirements before the de- 
sign is started, which, as the author suggests, is all too often not 
the case, as future operating requirements are often unpredict- 
able. 


R. B. Smrrx.4 This paper presents a summary of the salient 
features of the governor problem from the static viewpoint. 
Undoubtedly, the author would be one of the first to agree that a 
satisfactory solution to the problem necessitates a study dynami- 
cally in which the time lags as a result of inertia are included. 
In many respects there is a similarity between the governor and 
the vibration problem. Since the question is essentially dynamic, 
it seems rather unfortunate that more analytical and experi- 
mental analyses are not common in our technical literature. A 
start was made some years ago by Tolle (1)§ and Stodola (2). 
This was extended in both a practical and analytical way by 
Freudenreich (3), and more recently by the efforts of Stein (4) 
and Luoma (5). In this country, the attention of the Process 
Industries Division of the A.S.M.E. in its subcommittee on In- 
dustrial Instruments and Regulators has been devoted to 
fundamental study of this problem along analytical lines, and 
with promising results. 

While it has been pointed out in this symposium that a satis- 
factory governor is in the end one which meets the requirements 
of the customer is it not also true that a satisfactory governor 
can be more properly described as one which is dynamically and 
transiently stable? Dynamic instability, usually termed hunt- 
ing, meets the author’s definition of stability. Its determination 
necessitates a consideration of the time lags outlined in the 
author’s Fig. 5 and a consideration of these lags in respect to the 
prime-mover system as a whole. Transient instability arises 
when, under sudden changes, the governor does not function 
properly or fails to keep the machine from overspeeding or trip- 
ping. 

Either of these two types of instability may arise from two 
sources—a forced instability or an inherent instability. Forced 


| instability can be thought of as arising from external causes such 


as excessive backlash or from friction; it is indicated in part by 
the lag OC in Fig. 5. Aninherent instability arises when the vari- 
ous time lags which exist within the system, and which are at- 
tributable largely to inertia, bear an improper relation to the 
dynamics of the rest of the prime-mover system. It is particu- 
larly in the investigation of these dynamic lags that analytical 
in combination with experimental analysis has proved helpful. 
As a general statement, it can probably be said that a few years 


} ago instability of a forced nature was the most common govern- 
_ ing difficulty. With the advent of the high-back-pressure ma- 


chine, having a high rate of maximum initial acceleration, and 
particularly when it operates in conjunction with lower-pressure 
turbines, the difficulties arising from an inherent instability of 
the system have assumed a much more important aspect. 
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W. Trinks.* The illustrations of Fig. 1 (A, B, and C) are 
apparently quite diagrammatic, because the springs between 
the centrifugal weights would have to be so wound that they have 
less than no length when free from tension; or else they must be 
so wound that they exert considerable tension when coiled 
tightly. Both feats are difficult. 

The reason for this may be readily seen: In an isochronous 
governor, centrifugal force is proportional to distance of center 
of weights from the axis. The spring must be free from tension 
when the centers of gravity of the weights are in the axis. Since 
the spring is shown shorter than the distance between the weight 
centers, it must have a negative length, when free. 

It may be possible to coil the spring so as to exert tension when 
coiled tightly. If so, the writer would appreciate directions on 
how to do it. ' 

With regard to nomenclature, the following may be mentioned: 
Although the Power Test Code Committee has settled on certain 
names, attention should be given to the fact that within the 
Society there is another committee which deals with regulation 
and control and which is busily engaged in standardizing names 
for instruments such as are used to control pressure, temperature, 
rate of flow, and the like. It would be unfortunate if two com- 
mittees within the same society selected different names for the 
same quantities. They should cooperate. 


S. H. Hemenway.’ The opinion has been expressed that all 
governors on a system should respond to a speed change of 0.01 
per cent to avoid tie-line load swings; also, that the purchaser 
should specify governing characteristics to take care of the mag- 
nitude and rate of load changes on the system. This will stand 
further study, of which the following are indications: 

Many types of governors have obtained stability by having a 
temporary speed droop OC, Fig. 12 of this discussion, greater 
than the settled speed droop OA. This was accomplished on 
the flyball governor, Fig. 13, by a dashpot on the operating lever. 
The effect of having the governor respond to smaller speed 
changes can be seen by disconnecting the dashpot, or by allow- 
ing the dashpot some lost motion Y. This dashpot arrangement 
for securing stability has been used on pressure regulators as 
well as speed governors. Ina few cases where it was permissible 
to try this lost motion, a rapid hunting resulted. Variable droop 
can be obtained by adjustable automatic speed-resetting means. 

A governor in which the speed-sensitive element is of the no- 
travel type is shown in Fig. 14. In this case, with movement 
of the governor, the compensating piston Z increases or decreases 
the pressure over the dashpot piston G. Properly proportioned, 
this arrangement is nearly equivalent to the dashpot of Fig. 13. 
It is as stable and reliable as the governor having appreciable 
travel of the speed-sensitive element, and there would appear to 
be no reason for prejudice against it on this score. A similar 
dashpot H, Fig. 15, is shown for a no-travel pressure transformer- 
type of governor. 


6 Professor of Mechanical Engineering, Carnegie Institute of 
Technology, Pittsburgh, Pa. Mem. A.S.M.E. 

7 Moore Steam Turbine Corporation, Wellsville, N. Y. Mem. 
A.S.M.E. 
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Speed Droop 


| Valve Travel 0 


Fig. 12 Speep-Droop CurvEs OF FLYBALL GOVERNOR 


| 


Fig. 13 Type or FLYBALL GOVERNOR 


With any of these governors, the temporary speed droop in the 
closing direction can be reduced from OC to OB, Fig. 12, by a 
spring-loaded relief valve K, Figs. 13, 14, and 15, to limit the 
dashpot action in the closing direction, thus limiting the speed 
jump with loss of full load. 

The governors described in the papers* show the trend to more 
intricate and involved mechanisms to satisfy the increasing re- 
quirements. If purchasers specify in detail the governor char- 
acteristics, there will be a tendency to “play safe’’ and result in 
governors of greater intricacy and difficulty of maintenance. 
Before proceeding in this direction, it would be well to get to- 
gether those experienced in these problems to outline the sen- 
sitivity and speed of response that is desirable considering the 
following: 


1 Tie-line load change 
2 Load changes due to “faults” 
3 Resulting change in boiler output 


8 This committee on discussion applies jointly to the present paper 
and the paper, ‘‘Constant System Speed and the Steam-Turbine 
Governor,” by A. F. Schwendner, which appears on page 199 of this 
issue of the Transactions. With the discussion of Mr. Schwendner’s 
paper there is also a joint discussion by Francis Hodgkinson of the 
present paper. 
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4 Maintenance of voltage and electrical stability. 

Theoretical studies of these factors can also be made with 
profit, before radical changes are made in governing apparatus. 
The writer believes there will be agreement that there are many 
conditions under which slow response has a stabilizing effect. 

There has always been a question of the accuracy of measure- 
ment of speed, load change, pressure changes, and governor move- 
ments. If specifications can be drawn up to provide the sensi- 
tivity at different frequencies of equipment for measuring these 
values, and such equipment can be produced to these specifica- 
tions by instrument makers and used for all such testing, it will 
clear up many discrepancies. 

(Mr. Hemenway submitted with his discussion suggested terms 
for governor and control apparatus which have been turned over 
to the A.S.M.E. Power Test Code committee on Speed, Pressure, 
and Temperature Responsive Governors. This Committee 
shortly to revise and enlarge the present Code.—Ebiror. | 
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The demand for constant system speed is a current prob- 
lem of power-generating systems. Electrical stability, 
governor, governing-valve characteristics, and other factors 
play their part in the problem. In this paper only the 
effect the governors and governing valves have in main- 
taining or disturbing the system speed is discussed. 
New governing systems are described to show the extent to 
which the turbine manufacturers go in trying to meet the 
demand for better system speed. The author points out 
that, when the governor characteristics of all units in a 
power-generating system are known, the combination of 
units used for certain load blocks can be determined not 
only for the best generating economy but also for better 
system speed. This information can be used to specify 
required governor characteristics for new units to further 
improve the system speed. Attention is called to the need 
for uniform governor performance and testing specifica- 
tions. 


HE last twenty years have brought many changes 

in the power-generating field. From small isolated power 

plants, large interconnected power-generating systems have 
developed. System frequency has improved from '/3 to 1 cycle 
total change, decreasing to 0.2 cycle maximum allowable change, 
and time errors have decreased to within 1 sec. Most of these 
improvements have been obtained without material changes to 
the then existing governors. The control-room operators have 
more work to do. Automatic frequency-control equipment has 
been installed, actuating one or several of the synchronizing 
motors of the governors. The increased use of hydraulic power 
has brought new problems, but the large systems have taken care 
of these without changing the governor (specifications); in most 
cases by increasing the turbine-governor speed variation, that is, 
the change in speed between no load and full load on a unit. 

With the increased use of faster and more sensitive frequency 
recorders, short period frequency swings are shown which did not 
appear on the less sensitive instruments previously used. Load 
changes are observed between units in a power plant which 
donot correspond with system load changes or total plant output. 
There are several reasons for this performance. Neglecting 
the effect which electrical stability, low short-circuit ratio of 
generators, and harmonic pulsations of load may have in the 
frequency and load swings, only the part the governors and 
governing valves have in the problem will be considered. 

Governor performance in the past was judged by its syn- 
thronizing ability and the amount of frequency change when 
carrying reasonably steady load with the unit on the line by itself. 
On larger systems where more than one unit was required to 
tarry minimum system load, a governor was judged good if it 
synchronized well and showed very little change on the steam-flow 
chart, From the manufacturer’s point of view, a governor is good 


' Westinghouse Electric & Manufacturing Company. 
ntributed by the Power Division and presented at the Annual 
Meeting, Philadelphia, Pa., December 4-8, 1939, of THe AMERICAN 
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if it satisfies the customer’s requirements. Specifications very 
seldom called for more than a governor with 4 per cent speed 
regulation (a change in speed of 4 per cent from no load to rated 
load). If a governor could synchronize reasonably well with 4 
per cent speed regulation and was sluggish enough not to show 
too much steam-flow fluctuation on the chart, it was considered 
satisfactory. The frequency recorders did not show momentary 
frequency swings, and slower changes of 0.2 cycle plus or minus 
were then accepted as satisfactory. 


SENSITIVE GOVERNORS REQUIRED 


The introduction of the superposed turbines and the larger- 
capacity 3600-rpm units brought a new type of steam-turbine 
generating unit into the power systems. The small rotor inertia 
and consequent high rate of acceleration inherent in this type 
of unit require fast and sensitive governors so that the units 
may be synchronized well. A sensitive governor which follows 
the smallest changes in frequency does not have a smooth steam- 
flow chart. If a unit with a sensitive governor is put on the line 
with a unit which has a sluggish governor, the steam-flow changes 
shown on a recording meter will increase, and will increase fur- 
ther with the additions of other units with sluggish governors. 

A sluggish governor or governing system requires a certain 
amount of speed change before the governing valves begin to 
move. The centrifugal force of the governor weights and the 
governor spring force balance at any speed point. If there is a 
larger amount of friction between the governor parts, the speed 
will have to change until the difference between the centrifugal 
and spring force is sufficient to overcome the friction. The 
same is true with an oil governor. The oil pressure produced by 
the governor impeller acting on a relay or bellows is balanced by 
a spring force in the same manner as in a flyball governor. Be- 
tween the governor and the governing valves there may be one or 
several servomotors and their linkage. Lack of response in re- 
lays and backlash in the linkage alone, or coupled with a governor 
having friction, may require considerable speed change before 
the governing valves begin to move. The speed change re- 
quired to move the governor is not necessarily constant through 
its total stroke. The change in sluggishness and the difference 
in load change for the same frequency change, but at another 
governor or load point, require a thorough study of the governing 
characteristics of each unit, before a study of system control 
characteristic is attempted. 

A 50,000-kw unit with a governor adjusted for 4 per cent 
speed regulation will usually show approximately 2000-kw load 
change with 0.1 cycle change in frequency, assuming straight- 
line load and governor travel characteristics. This is not always 
the case, however. Some 50,000-kw units will show 4000-kw 
load changes with 0.1 cycle change in frequency at some load 
points while, at other load points, the load change may be less 
than 1000 kw. Very few governing valves have straight-line 
flow and lift characteristics. Fig. 1 shows a governing-valve 
characteristic curve with four governing valves. The governor- 
servomotor travel, or governor-sleeve travel with flyball govern- 
ors, governor-impeller oil pressure with oil governors, or rotor 
speed are shown on the vertical axis, while the steam flow or, with 
some correction, kilowatt load is plotted on the horizontal axis. 
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Line A is the theoretical speed variation of the governor while 
the valve curves 1, 2, 3, and 4 show the amount of deviation per 
valve. A change of 0.1 cycle in frequency shows a 2000-kw 
change on the A line, while the same frequency change shows 
3000-kw load change on the No. 1 valve line between 0.3 and 0.4 
and 750 kw between 0.6 and 0.7 cycle. This load change in 
terms of speed variation would mean that when the unit load 
changes 3000 kw with 0.1 cycle speed change it has less than 3 
per cent speed regulation, and with 750-kw load change 11 per 
cent. 
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Fig. 1 GovERNING-VALVE CHARACTERISTIC CURVE 


The tail end of the governing-valve curve is determined by the 
minimum pressure drop allowed across the valve to obtain 
maximum full valve efficiency. The effect of this curve on the 
governing of the unit can be reduced by increasing the number 
of governing valves as shown by the dash lines, by the use of 
cams or by setting each governing-valve opening closer to the 
preceding valve. There is very little difference in the rate of 
load change on the newer units, but some of the older units may 
show considerable load change between different points of the 
governor travel. 


EFFECT OF SLUGGISH AND SENSITIVE GOVERNORS 


Fig. 2 shows the difference in load change between units 
with 4 per cent and 6 per cent speed-regulation governors, also 
the effect of a sluggish and a sensitive governor on a system which 
has only two units on the line with 50,000-kw capacity each. 
To be able to show the effect of a sluggish governor better, it is as- 
sumed that the unit having a 4 per cent speed variation has a 
sluggish governor which will not respond to a frequency change 
of less than 0.3 cycle, and that the unit having 6 per cent speed 
variation has a very sensitive governor. Following the line 
showing 0.2 cycle change on the 4 per cent governor, it is seen 
that the turbine load should increase 4000 kw while the unit 
with the 6 per cent governor should pick up 2800 kw. With only 
the two units on the line, each carrying a certain load with 60- 
cycle frequency, a system load increase of 6800 kw is assumed 
which normally will drop the system frequency 0.2 cycle. With 
the 4 per cent governor not responding to a change less than 0.3 
cycle, the system frequency must drop 0.3 because the 6 per cent 
governor picks up only 4000 kw out of the total of 6800 kw with 
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that frequency change. However, as soon as the 4 per cent 
governor moves at that frequency change, it picks up 6000 kw or 
assumes a valve position equal to it. The system load increases 
only 6800 kw while the combined increase in valve openings can 
carry 10,000 kw. The excess steam flow will increase the system 
speed and so reduce the load on the 6 per cent governor to 800 kw 
with a system frequency drop of 0.057 cycle‘from its original 
value. 

The steam-flow chart on the unit with 4 per cent speed varia- 
tion will show only one change in flow equal to a load increase 
of 6000 kw. The flow chart on the unit with 6 per cent speed 
variation will show a flow increase equal to 4000 kw, then a 
decrease of 3200 kw. The frequency recorder will indicate a de. 
crease in frequency of 0.3 cycle, then an increase of 0.243 cycle, 
When the frequency and steam-flow changes on each unit are 
compared with the system load change, the first impression may 
be that the unit with the 4 per cent governor is the better of the 
two as it picked up more of the load change with only one change 
on the flow chart, and very little final change in frequency. How- 
ever, as pointed out previously, without the 6 per cent governor 
the frequency changes would have been considerably larger. 

The condition just described is multiplied many times on 4 
large interconnected system. The units on the line will have 
some sensitive and some sluggish governors. There will be 
units carrying load at full-open-valve points while others run at 
intermediate points. A small frequency change may move a few 
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Fic. 2. GOVERNOR SPEED VARIATION AND LOAD CURVE 


sluggish governors while others will start as soon as the frequency 
changes a trifle more. The sensitive governors in the meantime 
will try to correct for the movements of the other governors 


Exuaust PressurE REGULATORS 


The superposed turbines operating with exhaust pressut 
regulators will add to the present disturbances. Suppose the 
high-pressure unit has 50,000-kw capacity and exhausts into 4 
header feeding the two 50,000-kw units described. Assume 
that the contract calls for a 4 per cent governor in the high-pre* 
sure unit. It will be sensitive in order to be able to synchronizt 
properly. Repeating the previous performance, the system load 
is increased by 10,800 kw or the total change of load with 0.2 cyce 
frequency drop. Dropping the frequency 0.3 just before the 
sluggish 4 per cent low-pressure-unit governor begins to mové, 
there will be 6000 kw on the high-pressure and 4000 kw on tle 
6 per cent low-pressure units. A 6000-kw increase on the hig! 
pressure unit will increase the low-pressure header pressure be 
cause only one unit is increasing its steam demand and only tlt 
amount required for the 4000-kw increase in load. The exhavé 
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pressure regulator will start to decrease load on the high-pressure 
unit. The time lag depends upon the low-pressure header vol- 
ume. Just then the low-pressure 4 per cent governor will begin 
to move and will pick up 6000 kw, which in turn drops the low- 
pressure header pressure and so starts to increase load on the 
high-pressure unit. The governing valves on all three units will 
now be open to carry an increase in load equal to about 16,000 kw 
and the frequency will rise, unloading the high-pressure and 6 
per cent low-pressure units. Due to the time lag in the low- 
pressure header, the frequency may change three to five times 
before equilibrium is established against the two changes de- 
scribed. 

The high-pressure unit, when exhausting into a low-pressure 
system with sensitive governors and having sufficient capacity 
to take all the steam from the high-pressure unit, can be balanced 
so that with load changes the exhaust steam equals the steam 
demand of the low-pressure units with very little correction by 
the exhaust pressure regulator. But at times the high-pressure 
unit may have only one or two low-pressure units taking exhaust 
steam. The high-pressure unit following the frequency changes 
will change the exhaust-steam flow beyond the requirement of 
the low-pressure units. Hence, the exhaust pressure regulator 
must correct the steam flow after each frequency change and, 
because of the header lag, will cause additional frequency 
changes. 

There are other factors which can disturb the system speed, 
but their effect is relatively small and the cycle long. The 
practice of using the newer turbines as base-load units does not 
help the system speed. To be able to obtain the best efficiency 
of a base-load unit, the load set on the governor should not 
change with small frequency changes of the system. The 
governor speed variation is normally increased above the other 
units in the system. That by itself does not help if the base- 
load unit has a sensitive governor while the majority of the other 
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units in the system have sluggish governors. The new units 
have very little rotor inertia and so the governors cannot be 
made very sluggish before they become unstable. 


ELIMINATING EFFEcT OF SLUGGISH GOVERNORS 


Most power-generating systems have a high percentage of old 
units in the power plants. At the time of installation their 
performance was satisfactory. Some of the governors on the 
old units are sufficiently sensitive not to cause frequency dis- 
turbances. A good many of the others can be made reasonably 
sensitive. There may be a few that will require new control 
equipment. The capacity of the sluggish units in relation to the 
system capacity and the number of sensitive governors on 
the system will determine largely the need for new control equip- 
ment. Toeliminate the effect of the sluggish governors on the sys- 
tem speed, the simplest method is to take the units off the 
governors by a load-limiting device in such a manner that 
the governor will cut in, in case of a rise in system speed above the 
speed set by the limiting valve, but will not increase load when 
the system speed drops. In itself this would decrease the avail- 
able generating capacity in case of system disturbances. To 
overcome this objection the load-limit device can be made to 
release its limiting effect if the system speed drops below a set 
speed. With this equipment, the load on the unit will not be af- 
fected by the normal speed change of the system, but will still be 
available for emergency operation. 

Control equipment has been developed for the growing de- 
mand for better system speed variation. To reduce the effective 
changes in speed variation due to governing-valve characteris- 
tics, the multivalve steam chest with diffuser-type valve seats was 
developed. The flow-lift curve of a diffuser-type valve seat is a 
straight line up to 85 per cent of its full steam flow. The length 
of the curved section is determined by the allowable pressure drop 
through the valve. The curved section is relatively small even 
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with very low steam-pressure drops with this type of valve and 
seat. A cam in the servomotor follow-up linkage can correct the 
slight deviation from the straight line, but the error is so small 
that the use of a cam has not been found necessary. 

The speed-responsive element in the governor is designed to 
give a maximum sensitivity and fast response. Fig. 3 shows an 
oil-governor control system. The rotation of the turbine shaft 
establishes a pressure in a chamber surrounding the shaft. This 
pressure is maintained by the centrifugal force of the oil in the 
inclined hole drilled in the shaft connecting the pressure chamber 
to drain. Oil is supplied through an orifice into the pressure 
chamber from the main oil pump, also located on the turbine 
shaft. 

The small amount of oil flowing through the orifice into 
the pressure chamber maintains a pressure which varies as the 
square of the turbine speed. To increase the sensitivity and 
response of the servomotor to respond to very small speed 
changes, the relatively small pressure changes produced by the 
centrifugal force of the oil in the inclined hole, otherwise called 
the governor impeller, are magnified in the governor transformer. 
By the use of a rotating relay or valve and the use of bellows, 
the small governor-impeller pressure changes are increased in the 
ratio of 5 to 1 without friction or measurable time lag. The 
transformed or secondary pressure controls the servomotor- 
operating-piston position through a pressure-responsive device 
in the follow-up linkage. An increase in the control pressure 
applied in the pressure-responsive device will move the operating 
piston in the closing direction. Through a system of check 
valves, other pressure impulses controlled by regulators, respond- 
ing to functions other than speed, may be applied in the pressure- 
responsive device of the servomotor. In Fig. 3 the load-limit 
valve, load-dump anticipator, and governing-valve emergency 
trip all act on the top chamber of the pressure-responsive device. 
The exhaust pressure regulator, as shown, is connected to the 
lower chamber of the pressure-responsive device. 

The pressure-responsive device responds to the highest of all 
pressures applied or connected to the top chamber. The higher 
pressure will close the check valve in the other regulators main- 
taining a lower pressure. Any of the regulators can decrease 
the load regulated by another regulator by increasing the regu- 
lating pressure above the pressure of the controlling regulator. 
The regulator with the highest pressure will control the load and 
no regulator connected in the same regulating pressure system can 
increase the load. 


Loap-LimiT oR STEAM-FLow-LimitT VALVE 


The load-limit or steam-flow-limit valve shown in Fig. 3 is a 
spring-loaded cup-shaped valve which maintains an oil pressure 
corresponding to the setting of the compression spring. 

By setting it to a valve opening equal to a single boiler ca- 
pacity, the load on the unit cannot be raised above that with the 
speed changer or the exhaust pressure regulator. When the unit 
is required as base-load generating equipment, the load limit 
can be set to any desired load demand while the secondary pres- 
sure, regulated by the speed changer, can be set just below the 
pressure of the load limit so that normal frequency changes 
will not affect the load on the unit. When a superposed unit is 
controlled by the exhaust pressure regulator and it is desired to 
cut out the response of the governor to frequency changes, the 
load limit may be set in the same manner as above. In many 
installations the operation of the superposed unit, when con- 
trolled by the exhaust pressure regulator, is more satisfactory 
with the governor not responding to speed changes. To elimi- 
nate the need of the load limit for this condition, the exhaust-pres- 
sure-regulator control pressure can be applied on the top cham- 
ber of the pressure-responsive device in some cases. In this 
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manner, while the exhaust pressure regulator controls the steam 
flow, all the other control features are cut out automatically. 

The speed regulation of the governor may be ‘changed by 
changing the fulcrum point of the servomotor follow-up link. 
This arrangement is used if the speed regulation is set to a per- 
manent figure. In the future the need may arise to have govern- 
ors which can change the speed regulation while the unit is 
carrying load, to satisfy the constant system-speed demand of the 
system with different combinations of units on the line. The 
governor can be furnished with a different transformer housing 
which allows the transformed or secondary pressure to enter the 
chamber located below the transformer relay or valve through 
an orifice and air bell. The regulating or admission valve is so 
constructed that the secondary pressure may be partly or fully ap- 
plied below the transformer relay obtaining partial or full-speed 
compensation. The change is gradual and can be adjusted 
while the unit is in operation. 


Fic. 4 Turspine GOVERNOR 


Fig. 4 shows a governor used on smaller generating units 
The speed-responsive element is a flyball governor instead of th 
governing impeller. To match the sensitivity of the oil governor 
the governor weights are mounted on the governor spring, thereb! 
eliminating friction in the speed-responsive element. The tran 
former is used here in the same manner as in the oil governor 
The difference is that in one case the transformer changes smalle: 
governor-impeller pressure changes into larger ones, while in th 
other case it changes centrifugal-force changes into oil-pressu 
changes. The transformed pressure change per 1 per cet! 
speed change is the same in both governors and all the governe 
characteristics described apply also to the smaller governor. 

Industrial power plants tied in with power-generating syste 
should be considered as part of the system. There are mat! 
industrial power plants with up-to-date generating equipme” 
maintained in excellent operating condition. There are othe 
however, and some with quite large generating capacity where“ 
equipment, particularly the governors, are not kept in as go 
operating condition. The reaction on the system speed cau* 
by the faulty operation of these governors is determined by the 
capacity against that of the system. The governor performa* 
characteristics of industrial plants, particularly the ones ** 
large generating capacity, should be checked along with ™ 
generating units of the power system. 
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SCHWENDNER—CONSTANT SYSTEM SPEED AND THE STEAM-TURBINE GOVERNOR 


SYSTEMATIC StuDY OF GOVERNOR PERFORMANCE NEEDED 


It does not help the power systems when the manufacturers 
supply generating units with governors capable of the widest 
changes in control characteristics and no attempt is made to 
take advantage of it. A systematic study should be made of 
the existing governor performances in each power plant of an 
interconnected power system and existing governor performance 
corrected to suit system needs as much as possible with the exist- 
ing equipment. When ordering new units, analyze the required 
governor performance with all practical combinations of units, 
power plants, and loads just as carefully as the best combina- 
tion of steam conditions is determined. The required governor 
performance should then be specified, including possible changes 
in characteristics while the unit is in operation or shut down. 

A committee should define standards in governor performance 
and set up methods of checking and testing governor per- 
formance. 

The range of the variable characteristics should be determined, 
also which one should be susceptible of change with the unit in 
operation. 

A definite governor-performance specification will help the 
turbine builders and a knowledge of the limitations of each 
governor will help the system operators. 
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Discussion 


I. C. Martin.? The author states that governing character- 


; isties of all units on the system should be carefully studied and 


load conditions considered before specifying required governor 
It is agreed that this study should 
be made for the purpose of determining most desirable operating 
However, it seems that the governor for any new 


of operation, speed-droop adjustability between zero and at 
; least the greatest value for any of the existing units, and provi- 
sion for any auxiliary controls such as the author mentions. 
Governors for existing units should be brought up to new unit 
performance rather than providing for poorer governor perform- 
; ance in new units. Only in this way can maximum system flexi- 
| bility be obtained. Although unit characteristics and load con- 
ditions determine optimum operating methods, full advantage 
cannot be obtained unless governors on the various units can be 
Adjusted as desired. Governors with the same range of adjust- 
»ment, whether the units are steam, hydro, or Diesel, present the 
oly means of obtaining maximum system flexibility for both 
current operating methods and possibility of future changes. 
Therefore, it would seem to be that the point of wide range of 
governor adjustment is most important whether selecting gover- 
hors for old or new units. 


E. E. Parker.? The author’s explanation of the action of 
turbine generators with sensitive governors, when paralleled 
With units having less sensitive governors, should assist in elimi- 
tating misunderstandings on this matter. Because of the 
slower response of the hydraulic-turbine governing mechanisms, 
Ruch operation has often been encountered in power systems 
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‘Turbine Engineering Department, Gencral Electric Company, 
thenectady, N. Y. Mem. A.S.M.E. 


203 


where steam and hydroelectric generating equipment must work 
together. Failure on the part of a few turbine users to appreciate 
this has given rise to complaints of governing-mechanism in- 
stability where, as the author points out, the governing mecha- 
nism is actually doing a better job than are the mechanisms 
which they consider satisfactory. 

Field experience over a number of years with turbine govern- 
ing mechanisms has established that the slope of the kilowatt- 
load (or steam-flow) versus governor stroke curve is an important 
factor in determining whether or not the governing of a turbine 
will be stable. A number of analytical studies of turbine govern- 
ing, including governors of both the flyball and oil-pressure type, 
have shown that the slope of this eurve is very nearly inversely 
proportional to the minimum regulation at which a turbine may 
be operated with stability. For example, in Fig. 1 of the paper, 
if the actual governing curve has a slope (speed change per kw 
input) at any point equal to one half the average, then the mini- 
mum regulation for stability must be twice what would be re- 
quired with the same turbine and governing mechanism if the 
slope were average at all points. 

Thus, it can be seen that, for a given turbine governing mecha- 
nism and regulation, the stability of operation can be improved 
by reducing the variation of the slope of this curve from the 
average; or for a given degree of stability the regulation can be 
decreased as the slope of this curve at any point approaches the 
average. In addition to stability considerations, governing 
curves with minimum variations of slope are very desirable for 
good control (either automatic or manual) of the output of a 
turbine. 

Fig. 5 of this discussion shows the governing curve for a tur- 


| 
100 
90 
‘ 
| 
| 
70 
WwW 
ax 
a 60 
=x 
50 
40 
> 
30 
20 


1) 10 20 30 40 


LOAD , MEGAWATTS 


Fie. 5 Comparison oF GOvERNING CURVES OBTAINED WITH 
Cam- AND Drrect-Lirr MECHANISMS 


(Figures represent slope of curve at points indicated in per cent 
of average slope. 


50 60 70 


ae 
| 
no 
rev) 
alle 
Alle 
: 
4 
| 


204 


bine of recent manufacture. Curve A shows the governing 
curve when each control valve is operated by an individual cam. 
Curve B shows this same curve for the unit if the same valves 
are lifted directly by the hydraulic piston or servomotor. For 
equal stability, the turbine may be operated with 30 per cent 
narrower regulation if cam operation of the valves is employed, 
because of the more uniform governing curve. 

This particular turbine has eight primary valves and one over- 
load valve under control of the governor. Each primary valve 
supplies an individual section of the first-stage nozzle. The 
valves have the so-called ‘‘diffuser-type’’ valve seats. This type 
of turbine valve seat was first developed to pass a given steam 
flow through a given valve-seating area with a minimum pres- 
sure drop. 

The difference in governing curves obtained from cam- and 
direct-lift mechanisms becomes greater as the number of valves 
is decreased. For example, if the eight primary control valves 
used on the turbine considered in Fig. 5 are replaced by one 
valve, a governing curve as shown by curve C results for a direct- 
lift mechanism. On the other hand, if the single valve were 
operated by a cam, the minimum slope of the governing curve 
would be no worse than with multivalve cam operation. 

By the use of pilot poppet-type valves, turbines with direct- 
lift (often called “bar-lift’’?) valve mechanisms are built with 
governing curves equally as uniform as those obtained with cam- 
lift mechanism. Equally good governing curves can also be 
obtained with direct-lift mechanisms by overlapping the govern- 
ing valves more. However, since increasing the overlap has a 
detrimental effect on the efficiency of a turbine it is desired to 
keep the overlap to a minimum. 

The use of cam-operated governing valves also permits more 
latitude in the location and operation of the steam admission 
valves. 


R. B. Smiru.* The author has developed in some detail the 
case against the “sluggish” governor. It would seem, however, 
that the author’s criticism is leveled more against the governor 
with a forced instability, that is, one having external friction and 
backlash in its mechanism which makes it unresponsive to a 
primary change until such a change is sufficient to overcome these 
external influences, rather than one that is sluggish. Actually, 
it is possible that a governor may be sluggish in the sense that 
the dynamic time lags inherent in the various parts of the mecha- 
nism are so great that it does not respond rapidly and, yet, at 
the same time, it possesses sensitivity to even small changes in 
the primary variable. If such were the case, it would undoubtedly 
be true that, in the author’s Fig. 2, both turbines would show a 
change in the flow chart reading and in exactly the proportion 
they theoretically should. 

The author’s cure for difficulty of the nature he describes is a 
more refined hydraulic system with every effort expended toward 
the elimination of external effects. While this change is un- 
doubtedly beneficial, it is not necessarily true that the design 
will result in a stable governor. Undoubtedly as the author is 
very much aware, the question of stability is a dynamic one, in- 
volving a consideration of the inertia effects in the whole turbine- 
generator system. In the end, it usually resolves itself into a 
determination of the various time lags in the mechanism, the 
prime mover, and other parts and a proper interpretation of these 
lags for the specific design under consideration. 

The single-seated venturi-type valve, the characteristics of 
which are described in Fig. 1, has certain desirable features. It 
is an adaptation from the original proposal of Ferranti made some 


4 Development Engineer, Elliott Company, Jeannette, Pa. Mem. 
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30 years ago. While its use results in a straight-line travel 
characteristic up to a point higher than for an ordinary plug- 
type valve, it is difficult to understand how it can influence 
markedly the hump characteristic which occurs when a valve 
starts to open. Valve humps can be influenced by the valve lap 
but, in the main, they are a function of the pressure ratio at 
which the turbine operates. On condensing turbines, the humps 
are small but, on noncondensing machines, they are frequently 
of such an extent that they deserve special consideration in per- 
formance guarantees. Somewhat the same situation exists in 
regard to throttle-valve and governing-valve drops. From 
the efficiency standpoint, it is much more important to keep them 
small on noncondensing than on condensing turbines. 

When governor difficulties arise, it would appear to be the 
author’s belief that he attributes the source of these generally 
to the governor operating mechanism. Is this practically al- 
ways the case or does the author know of difficulties which have 
their source in the primary element? In other words, are the 
characteristics of the impeller always as excellent for governing 
as they theoretically appear to be, particularly when a rapid re- 
sponse is called for? 


H. Sreen-JoHNsEN.’ The author has called attention to the 
scramble which takes place between sensitive and sluggish gover- 
nors when the load changes. 

The effects of two distinct characteristics are considered, 
namely: 

1 Rate of response or sensitivity (smallest speed change that 
will cause the governor and valve gear to move). 

2 The speed regulation—change in speed from no load to full 
load. 

The governor is an instrument which responds to changes in 
speed, that is, changes in frequency. From the analysis pre- 
sented, it appears that for close frequency control the governor 
used must be sensitive, and have a low speed regulation. 

This conclusion appears quite satisfactory when we think of 
frequency changes as caused by load changes. But we have seen 
from other papers presented on the subject of frequency contro 
that there are several possible causes of disturbance. 

In one of these it was shown how, in a large system wit! 
several generating stations interconnected and supplying 4 
diversified load, oscillations will take place between the various 
points of supply and consumption points of supply and consump 
tion of power, assuming steady load. These oscillations in 
speed will cause the governors to move the same as a change it 
load and, if the time lag in the governor action is suitable, it 
might amplify the swing, rather than reduce it. In other words, 
while a governor may operate perfectly under one set of inter 
connections, it may be very bad under another. It might prove 
interesting to hear the author’s comment on possible correction 
of this type of difficulty. If the amplitude of the swing is smal, 
a sluggish governor might be advantageous or a heavily damped 
governor. 

Another interesting feature of several power sources tied t 
gether is that they often tend to break up a system oscillation by 
acting as an anchor at a point of maximum swing. Such a col 
dition was observed recently in an industrial plant tied in at tht 
end of a long transmission line. The governor was 7 per cet! 
and not particularly fast, but yet, the chief engineer said thst, 
when the turbine was not on the line, the system was swingitt 
so badly that he could not use his electric razor. Looking at th 
governor it did not appear to do any particular job, The lo 
did not swing more than 200 kw. 


’ Turbine Division, Westinghouse Electric & Manufacturing Co™ 
pany, Philadelphia, Pa. Mem. A.S.M.E. 
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SCHWENDNER—CONSTANT SYSTEM SPEED AND THE STEAM-TURBINE GOVERNOR 


In the old types of flyball governor, the position of the flyballs 
varies with the governor opening. In the no-load position, the 
weights are out and, as the load is added, the unit slows down, 
the weights moving in, opening the governing valve and admit- 
ting more steam at a lower speed and lower centrifugal force. 
The rate of centrifugal-force change varies with the radius, and 
as a result it requires more speed change to move from no load 
to '/, load than it takes from 4/, to full load. 

This variation is eliminated in the constant-position flyball 
governor. In this type of governor, the flyballs move only a few 
thousandths to change the relay position and, therefore, the 
radius remains the same. 

[Mr. Steen-Johnsen submitted with his discussion a nomen- 
clature for steam-turbine-governor performance and character- 
istics. This has been turned over to the A.S.M.E. Power Test 
Code Committee on Speed Pressure and Temperature Respon- 
sive Governors. This Committee is shortly to revise and enlarge 
the present Code.—Ebrror. } 


G. B. WARREN.* It seems to the writer that the author has 
given the most important criterion as to a governor’s excellence, 
namely, it is a good governor when it satisfies the requirements of 
the user. In the writer’s company, we have taken pains at 
various times to make sure that the governors as they were built 
would meet the requirements of the users. Recently, however, 
newer conditions, largely in connection with system intercon- 
nections, have apparently come into existence which are begin- 
ning to require governors of greater refinement. There is satis- 
faction in knowing that these requirements are being scrutinized 
carefully by a committee of turbine users under the auspices of 
the Edison Electric Institute, and that a tentative specification 
will probably result. 

In this connection, the writer would suggest to those con- 
cerned in formulating this specification that most careful con- 
sideration be given to the extent of the refinements which are so 
stipulated, such as extreme sensitivity, flexibility, ete., in order 
to be certain that all of the qualities indicated as necessary are 
really needed or indeed desirable. 

It is easy enough for a member of such a committee to say 
that the sensitivity requirements, or other requirements, should 
be of a certain character, and yet it may be difficult or disad- 
vantageous from other standpoints for the manufacturers to 
meet the requirements so specified. The industry might thus be 
burdened with an unnecessary cost level for regulating equip- 
ment. 


Francis HopGkinson.’ It seems that these two papers*® and 
the present interest in the subject have been brought about by 
the modern practice of superposing high-pressure-turbine ele- 
ments over existing prime movers. These types of turbines, be- 
cause of their range of steam expansion have small physical 
dimensions relative to their capacity or steam flow. Their WR? 
is relatively low; the writer is informed that, in several cases, 
the rate of acceleration of the rotor system with full steam flow 
and without load approximates 700 rps. 

The author of this paper has pointed out that satisfactory 
governing devices, which are capable of conforming to any rea- 
sonable specification, except perhaps that of rapidity of valve 
motion, have been available for years. It is true that at least 


5 Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 
"Consulting Mechanical Engineer, New York, N. Y. Mem. 
B This discussion applies jointly to the present paper and the paper, 
Steam-Turbine Governors,” by Reed J. Caughey, which appears on 
Page 191 of this issue of the Transactions. 
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some manufacturers have applied governors to steam turbines 
which were without sensible friction, of extreme sensitivity, and 
which had close regulating characteristics with stability, com- 
mencing with the Parsons steam relay governing system of al- 
most 50 years ago. 

It has been pointed out that, in the case of multivalve tur- 
bines, a more nearly straight-line characteristic (speed versus 
output or steam flow) may be obtained if each valve is operated 
by an individual cam. In contrast to this, a case has been cited 
of a turbine, controlled by a single throttling valve, which gave 
anything but a straight-line characteristic and which could not 
be stable at all points of load except with extreme speed varia- 
tion between zero and full load. Years ago, valves were ar- 
ranged with ports in such manner that equal increments of flow 
were obtained with equal increments of valve travel and straight- 
line regulating characteristics obtained with single-valve tur- 
bines. 

The authors of these papers and some discussers have em- 
phasized the need of a standardized basis for a specification for 
governors, which would also set up appropriate nomenclature. 
This is desirable, since considerable confusion seems to exist on 
both matters. 

The writer wishes to point out that among the A.S.M.E. 
Power Test Codes is one on “Speed-Responsive Governors.” 
This is a test code with rules for tests and, as such, necessarily 
sets up nomenclature and bases for specification, the latter with- 
out numerical values. It would seem, therefore, that the Power 
Test Codes would be an appropriate channel for carrying out the 
suggestions which have been made. 

As chairman of the main committee of the Power Test Codes, 
the writer has no hesitation in stating that the various com- 
mittees will always seek the collaboration of other sections of the 
Society. 

This particular code was issued 12 years ago and is now ob- 
solete. It was written at a time when we did not have much con- 
ception of the purposes of codes. It requires revision, and a com- 
plete reorganization and enlargement of the individual com- 
mittee to deal with the matter would seem to be advisable. Its 
scope should be increased to include pressure- and temperature- 
responsive devices limited, however, to performance and exclu- 
sive of details of construction of mechanisms. 

Nore: A joint discussion by S. H. Hemenway of this paper 


and the paper, ‘‘Steam-Turbine Governors,”’ by Reed J. Caughey, 
appears on page 191 of this issue of the Transactions. 


AUTHOR’s CLOSURE 


The author is grateful to Mr. Martin for putting the important 
factors in system and governor-characteristic study in a short 
condensed form. We all agree that maximum sensitivity, 
straight-line load and speed characteristics, and all the other 
controllable features are required to obtain maximum system 
flexibility. The question arises what is the numerical value of 
maximum sensitivity and how straight the load and speed line 
should be for satisfactory operation. Mr. Warren and Mr. 
Hemenway stress the fact that to obtain the foregoing maximum 
performance characteristics, considerable and probable unjusti- 
fied increase in the cost level may be necessary. It would help 
everyone concerned if the various committees of turbine users 
and turbine builders would jointly determine and define the re- 
quired maximum sensitivity; and also the maximum allowable 
deviation from the straight load and speed line, with a method 
for testing, which would still be satisfactory to the turbine users 
and not put unnecessary burdens on the manufacturers. 

Mr. Parker shows a considerable difference between the bar- 
lift and cam-operated valves. The author has had no difficulty 
in obtaining initial valve-lift load angles between 75 to 80 per 
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cent without the use of the pilot poppet-type valves. Flexibility 
in the location and operation of steam admission valves can be 
obtained without cumbersome governor or power linkage by 
using individual valve servomotors. The servomotors are oper- 
ating the valves directly and are connected to each other and the 
governor through the control pressure oil line. On one unit 
seven governing valves which were located at different points 
on or around the turbine cylinder were operated in this manner 
successfully. 

Mr. Smith’s discussion clearly shows the need for nomenclature 
defining forced instability, sluggishness, external friction, and so 
on. The author wants to point out that a sluggish governor as 
described in his paper is not necessarily an unstable one. He 
purposely exaggerated the sluggishness of the sluggish governor 
so that the effect could be shown better on the curve. In actual 
operation there are few governors which do not respond to a 
frequency change of 0.1 cycle. A governor with a so-called 
dynamic time lag will respond in the same manner as the sluggish 
governor described in the paper if the load changes are sudden. 
Only with slow load changes or after conditions are settled will 
the flow chart readings be proportional with the theoretical 
flows. The question of governor stability concerns the design 
of the control equipment only. The paper described the perform- 
ance of governors in actual operation, and the turbine users will 
not accept an unstable governor. The author is thankful to 
Mr. Smith for bringing into the discussion the hump characteristic 
of the valves at opening points. It should be considered when 
maximum allowable deviations are considered from the straight 
load speed line. There were difficulties with the governor im- 
peller in the beginning as with any other type of new control 
equipment. It has been corrected, but there was no trouble 
following rapid speed changes. 

Mr. Steen-Johnsen discusses a few interesting system disturb- 
ances and their relation to governor performance. Nothing 
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short of a complete check of governor performance on all the 
units in the system with tie-line load changes and the resultant 
frequency changes will give sufficient information to be able to 
correct the disturbance. 

Mr. Hodgkinson is correct in stating that governors and 
governing systems have been built in the past which are able to 
satisfy up-to-date demands on sensitivity and _ regulation. 
Straight-line regulating characteristics can be obtained with 
ported single valves if high pressure drops are permissible. 
With low pressure drops a cam is required to bring the single 
ported valve up to straight-line performance. 

The A.S.M.E. Power Test Codes on Speed-Responsive Gover- 
nors seem to be the proper channel to set up nomenclature, 
method of tests, and performance specifications. It will have 
to work in conjunction with other committees so that its specifi- 
cations are in line with the performance requirements. 

Mr. Hemenway calls attention to a governor characteristic 
which is seldom considered. There is a considerable difference 
between the instantaneous or temporary speed regulation and 
the settled speed regulation on some governors. Mr. Allen of 
the Pennsylvania Water and Power Co. has some quite interest- 
ing tests on governor characteristics taken with his recording 
instrument. 

The manner whereby a high temporary speed regulation can 
be added on existing governors which otherwise would be un- 
stable with low speed regulation is quite clever. The desir- 
ability of having such characteristics on some units which may 
be tied to others without the same characteristic will have to be 
investigated. Mr. Hemenway and Mr. Warren stress the need 
of further investigation to establish minimum values which 

will be satisfactory from the system’s point of view. Instruments 
for testing governor performance have been available and nev 
ones are being developed so that testing governor performance 
will not be an impossible undertaking. 
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The Field of System Governing 


By ALBION DAVIS,! SAINT LOUIS, MO. 


The field of system governing lies between the problems 
of pulsating loads and electrical stability on the one hand 
and frequency or time control on the other. It is con- 
cerned with the short period swings or hunting action 
for which poor governors are usually responsible. With 
proper instruments, poor governor units may be detected 
readily and corrections made. Sensitive governors may 
be substituted for them. The paper discusses some of 
the elements of governing from the standpoint of the 
system operator and suggests certain essential require- 
ments which new governors should meet. 


YEAR ago, the author appeared before the Prime Movers 
Committee of the Edison Electric Institute with a paper 
covering some of the system aspects of governing. A por- 

tion of the material presented at that time will be used again in 
this paper. The shortcomings of some governors will be con- 
trasted against the good points of others in an effort to throw 
more light upon what governors really do on our systems and how 
much benefit may be derived from investigations and improve- 
ments in the field of system governing. 

This paper is not concerned directly with the problems of 
electrical stability, the problems of relaying, or those dealing with 
harmonic pulsations of power output, resulting from hydraulic 
conditions in penstocks or draft tubes, or from the amount of 
“rubber” in the ties between the different rotating masses of the 
system. These transient effects usually occur within periods of 
less than 1 see. They come within the field of system relaying— 
a field already comprehensively explored by electrical men. Nor 
is this paper concerned directly with the operating problems of 
maintaining accurate time and keeping average frequency within 
reasonable bounds for commercial purposes. This ‘frequency 
control” or “time control’ is obtained by means of automatic or 
manual adjustment of the settings of the governor. Such ad- 
justments are concerned with changes of speed which take place 
generally over periods of more than !/2 min. 

The field of system governing lies in between the problems of 
transient pulsations on the one hand and frequency or time con- 
trol on the other. Governors are primarily concerned with ad- 
justments within periods from '/; sec up tol or 2min. They are 
concerned with, and in most cases responsible for, the short 
period swings of speed on isolated systems and swings of tie-line 
loadings on interconnected systems, both of which affect system 
economy and the quality of service to customers. 

Over short periods, the system-load curve is what the governors 
and regulation by the operators make it. Inadequate governors 
produce swings which amount to a continuous but somewhat 
irregular hunting action. These swings, superimposed on the 
real changes of average speed due to load changes, make it im- 
possible for either the manual or the automatic operator to detect 
the small changes of load trend quickly and to provide for them 
with correspondingly small changes of prime-mover output. 

The wider the fluctuations caused by the governors, the more 

‘Chief Hydraulic Engineer, Union Electric Company of Missouri, 
St. Louis, Mo. 

Contributed by the Hydraulic Division and presented at the An- 
nual Meeting, Philadelphia, Pa., December 4-8, 1939, of Tae AMERI- 
Can Soctery oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


difficult it becomes for the operator to minimize the number of 
load adjustments made on the different units of the system. 
More frequent and heavier hit-and-miss prime-mover adjust- 
ments will result and plant outputs will fluctuate over a wider 
range; all of which spells reduced economy of generation. 

Over and above the matter of rendering good service, steady 
and close regulation of frequency will pay actual dividends. In 
the case of steam units, load swings of any appreciable magnitude 
will be accompanied by adjustments of boiler controls to meet 
the new condition and, in the passage of the boilers from one 
stable condition to another, a loss of economy results. Suppose 
each such boiler adjustment costs $1 and suppose, because of a 
ragged speed curve, two or three extra adjustments are required 
each hour, then in a year the ragged speed curve has cost the 
system some $20,000. Losses may be of equal magnitude in a 
hydroplant due to excessive regulation, 

On an interconnected system, where governing irregularities 
show up as load swings on the tie lines, the capacity value of these 
tie lines may be greatly reduced because of the load fluctuations. 
With a smoothing out of these load swings by improved governor 
action, the average tie-line loadings may approach closer to the 
stability limit of the line, thereby increasing its capacity value. 

By eliminating the more violent swings of system speed or of 
tie-line loadings, the electrical stability of the system will be im- 
proved. Ties between generating units and the load will be 
strained less and may safely carry higher loads than is the case 
where governors on one section of a system are bucking those of 
another section over short intervals of time. 

The capacity of governors is measured by their “sensitivity,” 
the term being used in the sense of ability to move the control 
mechanism of the prime mover promptly the correct amount in 
the proper direction. It does not mean “flighty” or merely rapid, 
but action of the sort which results in small adjustments made 
without delay and without overtravel. 

The nature of the short 10- to 20-sec swings of system speed, 
from which so many problems of regulation stem, is often not 
realized until system speed is recorded by a sensitive high-speed 
frequency recorder. The ordinary station frequency chart does 
not record instantaneous values of system speed. The chart 
may show the high and low points which have occurred and in- 
dicate the band within which frequency fluctuates, but the op- 
erator is provided with only a vague indication of the rapidity 
of the fluctuation. The operator may think of the short period 
swings as “inherent pulsations of load”’ but they are really fluctua- 
tions caused by the hunting action of the governors. 


System TEsts 


Fig. 1 shows frequency charts taken on the Union Electric 
system. The system supplies a load which ranges from 200,000 
kw to well over 400,000 kw. Regulation is divided among units 
of three plants, the main 300,000-kw steam plant in St. Louis 
and two 125,000-kw hydroplants connected with St. Louis by 
transmission lines about 150 miles long. At the left of Fig. 1 
are two sections of chart taken from the Leeds and Northrup 
station recorder upon which the operator must depend in con- 
trolling speed. The interval between the vertical time-scale 
lines is 30 min. 

Over the 10-min periods represented by the blocks shown on 
the charts at the left, there is but little to differentiate the fluc- 
tuations of one period from those of the other. However, when 
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the high-speed charts at the right for the same 10-min periods are 
studied, a marked difference in the character of the regulation is 
noticeable. These charts were taken with a high-speed G.E. 
photoelectric recorder operating at a chart speed of !/2 in. per 
min. The total movement of system speed for the upper chart 
was only 3.6 cycles in 10 min, whereas that of the lower chart was 
6.4 cycles in the same time, or nearly twice as great. Whereas 
the upper chart might be considered fairly good regulation for 
the system, the lower chart shows poor regulation. In the latter 
case, the speed is recorded as swinging up and down over a range 
of about 0.15 to 0.20 cycle. 

The difficulty of avoiding bad hit-and-miss adjustments on 
generating units with the system swinging as shown on the lower 
chart of Fig. 1 can be appreciated better when it is realized that 
an adjustment of only 0.02 cycle in speed is required to correct a 
l-sec time error in 1 hr. On these swings of speed, the governors 
of the system pick up and drop from 6000 to 8000 kw of load; 
although, to correct a drift of average speed of 0.10 cycle in 10 
sec requires only 1000 kw. 

Total movement of speed, or the summation of all its fluctua- 
tions in a given period of time, has been used as a measure of good 
or bad speed regulation. All system governors, which are regu- 
lating, follow these swings. Total movement of system speed is 
not only a measure of the average rate of change of speed, but a 
factor which measures relative wear of the moving parts of all the 
control mechanisms on the system and, to a certain extent, the 
cost of their maintenance. 

Fig. 2 shows the effect of individual steam governors on system 
frequency. The charts at the left were taken with the photo- 


Fie. 1 GoverninG oF Union Exvecrric System FREQUENCY 


By G.E. PHotro-evectric Frequency RECORDER 


electric meter running at a speed of '/; in. per min. Conditions 


as to the number of units regulating, ete., were the same for both 
the upper and the lower charts, except for the interchange of 
steam units Nos. 1 and 2. The upper chart, showing regulation 
with steam units Nos. 2 and 6, shows roughly half the fluctuation 
of the lower curve, taken with steam units Nos. | and 6 regulat- 
ing. The total movement of system speed with No. 2 on was 
4.8 cycles in 10 min, whereas, with No. 1 on and No. 2 off the 
total movement of the system speed was 7 cycles in 10 min. 

At the right of Fig. 2 are shown short sections of charts run at 
a speed of 3 in. per min to analyze the performance of the gover- 
nors on steam units Nos. 1 and2. These show plainly the reasons 
for the wide difference in system regulation. For this analysis 
two mechanical-motion pens were added to record the accuracy 
of governor response to speed changes. System frequency is re- 
corded in the center of the chart, pilot-valve movement at the 
top of the chart, and movement of the valve-control mechanism at 
the bottom of the chart. All three pens travel on the same arcs. 
For correct governing, each of the mechanical motions should 
move in the same direction as the change of speed. It is difficult 
to detect any appreciable inaccuracy in the operation of the No.2 
governor. 

The lower chart records poor performance on the part of the 
No. 1 governor. It is to be noted that on the larger speed change 
at the right there was a lag of 3!/, sec between the peak of the fre 
quency curve and the peak of the resultant gate movement. 
Two cases are shown where there was an increase of speed of 
more than 0.05 cycle in 6 to 8 sec and yet the governor, during 
that period, was opening the gates and picking up load; just the 
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reverse of what it should have been doing. The difficulty with 
this governor at the time the chart was taken was apparently 
caused by excessive lap on the pilot valve. 

The conclusion that most of the 10- to 20-see swings of system 
speed are produced by governor action rather than by changes of 
load is based on a series of tests which are summarized graphically 
in Fig. 3. The typical frequency patterns resulting from some 18 
different governing combinations are shown in condensed form. 
For each pattern, the maximum range of speed in any 2 min is 
shown at the left; the maximum single swing at the right; and 
in between, the average swing and the average number of 0.15- 
cycle swings in 2 min. Each pattern represents an average of 
from one to six 10-min periods. Above each frequency pattern 
the total movement of system speed in 10 min is shown. 

Condensing the charts into these patterns makes it possible 
visually to differentiate the results of the different governing 
combinations. Direct comparison indicates that pattern J with 
steam units Nos. 2 and 6, operating with one hydroplant regu- 
lating and the other against the stops, is one of the best govern- 
ing combinations. It is also significant that all of the patterns 
showing the lowest total movement of system speed occurred 
when the good steam unit No. 2 was regulating. In the case of 
pattern R at the right of Fig. 3, two hydrounits were operating 
with their dashpot by-passes open, resulting in a serious hunting 
of system speed. 

Some of the hydrogovernors improved system regulation when 
working with good steam governors but, when working with 
poor steam governors or with other poor hydrogovernors, they 
exaggerated the fluctuations. Close analysis of these tests sug- 
gested that, if all governors of the system could be blocked during 
a period of fairly constant load, practically all of the short period 
fluctuations of speed would disappear. 

To test this idea, advantage was taken of a period when a small 
section of the load was isolated from the system. The hydro- 


Fic. 3 SysTeEM FREQUENCY PATTERNS AS AFFECTED BY GOVERNOR ACTION 


S INDICATES UNITS AGAINST STOPS 


PATTERNS REPRESENT AVERAGE OF 


unit, carrying the isolated load, was put on hand control for a 
short period in order to observe, on the high-speed frequency 
chart, the changes of speed which occur solely because of the load 
changes. The results of this test are shown in Fig. 4. At the 
left is a 10-min stretch of chart, during which the hydrounit was 
on hand control and there was no change of turbine-gate opening 

Ungoverned, the speed swung over a range of !/, cycle, yet the 
total movement of speed in 10 min was only 6 cycles. The chart 
at the right of Fig. 4 shows the same load with the governor in 
operation, holding constant average speed but swinging the speed 
up and down over a range of 0.10 to 0.15 cycle, 6 to 8 times per 
min. Disregarding the section of the chart where the dashpot by- 
pass was opened, the total movement of the governed system 
speed in 10 min was 14.5 cycles, more than twice the rate of 
change which occurred when the load was ungoverned. 


Tests oF INDIVIDUAL GOVERNORS 


Fig. 5 has been included to show the range of performance 
which may be observed on a system when tests of individusl 
governors are first made. It is likely that some good governor 
and some poor governors will be found. The chart at the left of 
Fig. 5 is a record of performance of a fairly good hydrogoverno: 
controlling a 25,000-kw vertical unit at a 95-ft head. System 
frequency is recorded in the center of the chart, gate movemet' 
at the left, and pilot-valve movement at the right of the chart 
This governor, which is operating on a speed-droop setting of é 
per cent, registers fairly good performance. Gate movements a 
following speed changes with time delays on the reversals of on!) 
about 2 sec. 

The chart in the center of Fig. 5 shows poor performance o! § 
governor on a small low-head hydrounit. Gate positions wand# 
badly because the governor is not sensitive to speed changes © 
less than 0.08 cycle. Time delays on the reversals range from 
5 to 8 sec. This poor performance contrasts sharply with ths! 
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Fie. 4 FREQUENCY UNGOVERNED AND GOVERNED 


for the Diesel governor shown at the right of Fig. 5. Movement 
of the fuel-control mechanism matches system speed with time 
delays of only about 1 sec. 

The contrast of perfection and inadequacy in steam-turbine 
governors has already been mentioned in connection with Fig. 2. 
One steam governor was sensitive to less than 0.01 cycle speed 
change and the greatest time lag between speed changes and valve 
movement was about '/2 see. The other governor was sensitive 
to only 0.05 cycle and time delays ran up to 3 sec or more. The 
point to be emphasized here is that there are good, bad, and in- 
diferent steam governors. Likewise there are good, bad, and 
indifferent hydrogovernors and Diesel governors. The poor gov- 
ernors need to be weeded out and the good ones cultivated. 


SoME oF THE REQUIREMENTS OF SYSTEM GOVERNING 


At this point the field of governing should again be clearly 
differentiated from the field of the frequency controller and from 
the field of stability problems. Automatic frequency controllers 
are merely automatic operators. Their field is in keeping aver- 
age frequency at the proper level. Inherently, they are not de- 
signed to do the job assigned to governors. Governors have the 
Primary job of making load adjustments quickly and with sta- 
oility, ie., with a minimum of hunting. Their field is in making 
adjustments within periods from perhaps '/; sec up to 30 sec. 
Generally speaking, speed swings having a period of 1 sec or less 
should not be touched by the governors. They come within the 
feld of electrical stability problems and pulsating loads. Just 
4s the governor should not lap more than a short distance into 


the stability field, so should the controllers not lap more than a 
short distance into the governor field. Frequency controllers 
should not attempt to correct the hunting cycle of governor ac- 
tion nor should governors attempt to correct the hunting cycle of 
load pulsations. 

In controlling the flow of power from their prime movers into 
any system, governors may be called upon to perform five more 
or less separate functions as follows: 

1 On loss of loads up to the capacity of the unit, the governor 
must close the throttle promptly enough to prevent any danger- 
ous overspeed. This requirement determines the size, capacity, 
and timing of the governor. 

2 The governor must be able to hold the idling speed of the 
unit steady enough for synchronizing. This determines the 
amount of damping action introduced to prevent hunting. 

3 The unit must work satisfactorily in parallel with other 
units regulating normal speed. For this condition a high degree 
of sensitivity is required with very prompt, though limited, re- 
sponse on the smallest speed changes. 

4 On the wider and slower changes of speed that are due to 
changes of load, the governor should bring on its full quota of load. 
For such speed changes the governor should bring on more load, 
proportionately, than it does on the short period governing 
swings. 

5 The governor may be required to bring its unit on as re- 
serve from the no-load idling position, up to partial or full load 
in a few seconds on speed changes as small as 1 cycle or less. 

To attain all these objectives, many compromises in the ad- 
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justment and settings of the governors must be made. Often the 
attainment of one objective precludes the attainment of another. 
But fundamental to the attainment of all these objectives is 
built-in sensitivity of the governor—its intelligence, so to speak. 
Yet the responses resulting from this sensitivity must be properly 
controlled and adapted to the responses which other governors on 
the system are making. 

Most prime movers utilize oil under pressure for the power to 
move the control gates or valves. Power is applied through a 
“regulating valve’’ controlling the flow of oil into an “operating 
cylinder” or servomotor. The governing element is actually ap- 
plied to the regulating valve. This seems to be true of all gover- 
nors regardless of the type of speed-responsive element used and 
regardless of the mechanism employed beyond the speed-re- 
sponsive element. 

The governing mechanism consists of three parts, the governor 
head or speed-responsive element, the regulating valve, and the 
operating cylinder. As used in this paper, the term “governor 


performance” applies to the response of the operating-cylinder . 


piston, not to the load response. Although affecting system 
regulation to a limited extent, the relation between piston move- 
ment and power output is here considered a matter of turbine 
design and, as such, beyond the scope of this paper. 

In order to present in more tangible form some of the require- 
ments which might lead to better governing on our systems, the 
author proposes the following six items as some of the essentials 
to include in the specifications for performance of new governors 
on important system prime movers. These items refer to the 
performance of the governor, not to the design of the governor. 
Their purpose is to secure a governor sufficiently sensitive that 
itean perform with stability the five functions which have been 
listed, as well as to secure a governor which the operating de- 
partment may readily adjust to the day-by-day requirements of 
the load. 

1 Asensitivity of 0.01 per cent. On a speed change as small 
as 0.006 cycle (on a 60-cycle system), the governor will pass oil into 
the operating cylinder in the direction to produce a corrective 
movement of the control valves or gates. 

This is a measure of the precision of the governor head up to 
the ports of the valve controlling oil flow to the operating cylin- 
der. It is a measure of its ability to detect small changes of 
speed and translate them into positive movements of the relay 
valve. 

2 Assuming that over the normal operating range the kilo- 
watt output of the unit varies approximately in direct propor- 
tion to the movement of the operating-cylinder piston, then the 
travel of the piston per unit of speed change should be made the 
same over the full range from zero to full opening, regardless of 
the initial load setting of the turbine. 

This is to obtain a reasonably simple, direct relation between 
speed change and average load change for the system operator’s 
convenience in assigning normal speed regulation and reserves 
| for maintaining speed in emergencies. On many of the present 
steam-turbine governors, piston movement per unit of speed 
shange varies over a considerable range. At low loads the move- 
ment may be 4 or 5 times what it is at high loads. 

3 Travel of the operating-cylinder piston per unit of instan- 
‘taneous speed change or the “speed droop” of the governor 
should be made accurately adjustable by hand without the aid of 
» tools while the unit is running. There should be an accurate 
lial indication of this adjustment. This speed droop of the gov- 
emor should be made adjustable from zero to 10 per cent of the 
full travel of the operating-cylinder piston, ‘‘speed droop” being 
iefined as the change in speed in per cent of normal required for 
the governor to move the operating-eylinder piston from the 
closed to the full-open position. 
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This is to provide the means of setting the governor at any 
time for the performance best suited to the system load condi- 
tions at the time, and permit convenient testing of the governor 
for system performance. 

4 The governor should be capable of stable operation, either 
alone or in parallel with other units, when set on a speed droop of 
0.5 per cent. 

The amount of speed droop required for stable operation is a 
rough measure of the composite over-all effect of lost motion, 
friction, valve lap, any inadequacies of port design, slow operating- 
cylinder response, inertia, and time lag. These factors must be 
small to meet a specification of stable operation on low speed 
droop. 

5 The governor should be provided with a load-limiting de- 
vice which is adjustable by hand, without the aid of tools while 
the unit is running. There should be a dial indication of load 
and load limit on one scale calibrated in tenths and hundredths of 
the full travel of the operating-cylinder piston. 

This is to permit testing system effects with the governor on 
or off regulation, yet with the governor left free to drop load on an 
overspeed. It is also an aid to economic system operation. 
Many conditions arise when it is decidedly advantageous to op- 


erate units on block load. 
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SENSITIVITY EXPRESSED IN CYCLES ON 60-CYCLE SYSTEM 


LOAD DRIFT IN PER CENT 


Fig. 6 Revation BETWEEN GOVERNOR SENSITIVITY, SPEED Droop, 
AND Loap Drirt 


6 The governor should be equipped so that the unit may be 
synchronized from the switchboard room at any system speed 
from 5 per cent above to 20 per cent below normal speed, or from 
63 to 48 cycles in the case of a 60-cycle system. 

This is to make it possible for the switchboard operator to get 
available generating capacity on the line quickly when he needs 
it the most. Without this provision, in the event of an unforeseen 
system split and frequency below the range of the governor, he 
must either wait until the unit can be synchronized by hand from 
the governor floor or he must drop customers’ load to bring the 
speed back to the point where he has control of the unit from the 
switchboard. 

With a few governors meeting the above specifications dis- 
tributed over the system, the load dispatcher has the means at 
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hand for smoothing out plant load swings as well as tie-line load 
swings. A few good governors combined with the intelligent 
scheduling of speed-droop settings by the system load dispatcher 
would iron out a lot of wrinkles in the load curve and would elimi- 
nate much of the seesawing which now goes on between the 
prime movers on the one end and the load on the other. 

Fig. 6 is of interest in connection with the problem of limiting 
the wanderings of poor governors. It shows the relationship be- 
tween load drift, sensitivity, and speed droop. Fora governor of 
a given sensitivity, the amount of load drift may be reduced by 
increasing the speed-droop setting of the governor. The amount 
of load drift will decrease directly with increase of speed droop. 
Generally speaking, governors of high sensitivity will be given a 
greater burden of regulation by lower speed-droop settings, and 
governors of low sensitivity will be curtailed by higher speed- 
droop settings. 


Work OF THE OPERATING CYLINDER 


The work which the operating cylinders have to do has an im- 
portant bearing on the speed and accuracy with which the various 
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SERVOMOTOR PISTON—IN. ABOVE CLOSED POSITION 


Fig. 7 Unrr No. 4 GoverninG EFrrort 
(25,000-kw hydrounit at 95-ft head; net piston area, 848 sq in.) 


settings called for by the governor head are accomplished. The 
positioning of the regulating valve may be very accurate, and 
yet, if the porting of the regulating valve, the proportioning of the 
operating cylinder, and oil pressures are not suited to the effort 
required to move the gates, large factors of time delay may occur 
and considerable hunting result. 

Fig. 7 gives the result of governor-effort tests made recently on 
@ 25,000-kw, 95-ft-head hydrounit. Tests on this unit may serve 
to demonstrate elements of governing which are present in any 
type of system governor. Tests were made in the manner dem- 
onstrated by E. D. Searing in an article published in 1908. 
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Pressure indicator cards were taken on both ends of the operatin 
cylinders throughout the full range from closed to full-open gate 
Unbalanced water pressure and friction were figured from th: 


differences between opening a 
to overcome friction is practi 


balanced water pressure on the gates varies over a wide range 
Variations of cylinder pressures, of course, modify the pressur 
drops available through the ports of the regulating valve and 
turn affect the velocity of flow of oil to the operating cylinder. 
Fig. 8 shows the variation of operating-cylinder pressures ant 
of piston movements when the governor is responding to a norms 
system-speed swing. The sequence of events at the time of 5 
One second after the speed reverseé 
the differential pressure on the operating-cylinder piston droppe 
from 85 to 73 lb and the piston movement stopped. 
second, the differential pressure had fallen to 56 lb and the p* 
ton movement started in the reverse, or closing direction. 
another 2 sec or less the differential pressure had fallen to 44 lb# 


speed reversal is of interest. 


the gates continued to close. 


this particular governor is somewhat slow, Fig. 8 demonstraté 
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Fig. 10 Comparison oF MoveMENT OF REGULATING VALVES, SHOWING PRECISION Poss!BLE IN SENSITIVE GOVERNOR HEAD 


this test, steam-engine indicators were connected to the front and 
back of one of the operating cylinders, and indicator cards taken 
for the complete test cycle. The indicators were arranged so that 
the difference in pressure between the front and back of the cylin- 
der could be recorded on the high-speed frequency chart, simul- 
taneously with system speed and a record of gate movement. 
Differential pressures are recorded on the frequency chart at the 
nght of Fig. 9. 

For rapid movements such as this, there is a momentary inertia 
ect. On a quick opening the differential pressure swings up 
for an instant above that required for a normal slow opening 


movement. After this momentary increase, there is a marked 
decrease of pressure as the rate of gate movement increases, due 
to the decrease of penstock pressure and draft-tube vacuum. 
The opposite effect occurs when the gates start closing. Except 
for momentary gate inertia effects at the instant of starting a 
gate movement, there is a marked decrease in the differential 
pressure required to move the gates at the rapid rates. 

These tests are cited to show that the work to be done by the 
operating cylinder varies over quite a range, which means that 
pressures across the ports of the regulating valve vary for differ- 
ent gate positions, thereby changing the rate of flow of oil into 
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the operating cylinder, and its rate of response. The rate of 
movement of the cylinder piston will vary not only with the port 
opening but also with the effort required to move the gates. 


CONTROL OF REGULATING VALVE BY THE GOVERNOR HEAD 


To make a large regulating valve move in exact synchronism 
with changes of speed calls not only for mechanical ingenuity 
but a high degree of manufacturing precision. The amount of 
movement which can be produced in the regulating valve without 
measurable error and without time delay measures the skill of the 
governor manufacturer and grades his product. It is, in effect, 
another measure of the sensitivity of the governor head. 

To give some idea of the precision possible in the movement of 
the regulating valve, the high-speed chart in Fig. 10 is included. 
The center graph is speed and the graphs at the top and bottom 
are regulating-valve movements of two governors amplified 10 
times. The governor at the top is producing accurate move- 
ments of the regulating valve of as much as 0.01 in. for each 
0.01-cycle speed change. The regulating valve is reflecting speed 
changes accurately and without measurable time delay. In fact, 
there might be a question as to which was measuring the system 
speed more accurately, the sensitive frequency meter or the regu- 
lating valve. It should be noted that, in this particular instance, 
the movements were produced mechanically in a 6-in. relay valve. 
To the author, this is a truly remarkable accomplishment for any 
governor head. But what is done with these accurate movements 
of the relay valve in converting them into motion of the operat- 
ing cylinder is a third phase of the governor story. 


Factors AFFECTING DESIGN OF THE Ports OF THE REGULATING 
VALVE 


Suiting the design of the ports of the regulating valve to system 
requirements involves so many interrelated factors that it is diffi- 
cult to say just what features are best. Yet improper features 
of design can spoil many good features. There are square ports, 
round ports, thin rectangular ports, vertical ports. Some regu- 
lating valves are of large diameter with small axial movement, 
some of small diameter with large axial movement. There is 
always the question of how much lap to allow. Should the valve 
admit oil to the operating cylinder on the very small speed 
changes and, if so, how much? All of these factors influence the 
responses of the operating cylinder. But to what extent? 

To arrive at some sort of an answer to a few of these questions, 
a study was made of a governor for the 25,000-kw unit on which 
the tests were made. The study, which was carried on entirely 
by computation, was confined to operation of the governor from 
the regulating valve to gate movements, on the assumption that 
the regulating valve could be made to follow system speed 
exactly and with negligible time lag. Various ratios of movement 
of the regulating valve, ranging from 0.002 in. up to 0.016 in. 
per 0.0l-cycle speed change were used. By first analyzing one 
factor at a time, methods were finally devised by means of 
which almost any governor action could be computed and 
analyzed. 

Fig. 11 shows the results of some of these computations for a 
governor on the 25,000-kw hydrounit. The effect of speed droop 
was first studied with the governor following the normal system- 
frequency cycle shown at the top of Fig. 11. This frequency 
cycle has an amplitude of 0.14 cycle and a period of 20sec. Using 
square ports and no compensation, governor action was found to 
lag a little less than 1 sec behind the speed when on 5 per cent 
speed droop and 2 sec behind the speed when on 2 per cent speed 
droop. 

Response of the servomotor piston on 2 per cent speed droop 
is shown in the center group of curves in Fig. 11. Comparison 
with the curve marked “ideal governor response’’ will show the 
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time lag. Note that the governor-response curve crests at the 
point where it crosses the ideal curve. Inherently, the lag of gate 
movement decreases as speed droop is increased. Doubling the 
speed droop results in half the time lag. Time lag governs over- 
travel and the amount of hunting. 

Next, the effect of various port arrangements was studied. 
As shown by the curves marked “square,” “round,” and “A” 
ports, it is possible to change the amount of load pickup by chang- 
ing the port design. It is also possible, by varying the size and 
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shape of the valve ports, to control the time lag of gate movement 
behind speed. Square ports show much less time lag than do 
round ports of the same area. By using wider ports, the time 
lag is cut down further. Doubling the width of the ports results 
in half the time lag. Similarly doubling the movement of the 
regulating valve for a given speed change will give half the time 
lag. Doubling the oil pressure also will approximately halve the 
time lag. All this is true, if the restoring mechanism functions 
without lost motion. However, if the initial piston movement is 
made too rapid, lost motion in the restoring mechanism may leave 
the governor uncontrolled and “jumpy” or unstable on the small 
speed swings, particularly on the transient swings. 

The A ports investigated are '/; wider than square ports 
above 0.03 in. opening and only about '/, the width of square 
ports below that opening. They were found to yield about the 
same time lag as square ports for the normal 10- to 20-sec speed 
swings which occur on our system. At the same time, they af- 
ford the advantage of slower movements on the very small speed 
changes, giving stability in the field of transient pulsations with- 
out sacrificing sensitivity to the slow swings of speed due to load 
changes. 

Finally, the effect of adding compensation was studied. Com- 
pensation has the temporary effect of a large speed droop that is 
slowly removed as dashpot action runs out. With compensa- 
tion, time lag can be reduced to a yet smaller amount and, at the 
same time, the amount of load picked up on normal speed swings 
can also be reduced to a figure more nearly comparable with that 
needed to correct the speed change, thus increasing the stability 
of the governor, provided there is no lost motion in the restoring 
mechanism and provided the timing of the dashpot action is 
suited to the speed swings which the governor is trying to correct. 
The adjustment of the dashpot is important because, while the 
best timing will reduce the time lag, short timing may increase the 
time lag seriously. Witness the two curves comparing 5- and 
2)-sec timing of compensation, shown in Fig. 11. Five-second 
timing showed a lag of 3 sec, while the 20-sec timing showed a lag 
ofonly 1.5 see. 

Fig. 12 shows the action of the governor on the system in an 
emergency with frequency falling 0.24 cycle per sec from the loss 
of 20,000 kw of generating capacity. The No. 2 governor with 
compensation will pick up load very slowly as shown, and the 
speed will drop to around 57 cycles before it is checked. With- 
out compensation, the frequency is checked at 58.82 cycles within 
bsec after the gates begin to open. It was very apparent that 
to function properly as reserve capacity, compensation should be 
moved by some means when the speed falls below about 59.6 
tyeles. The line marked 4 shows the computed performance 
ofanother regulating valve with wide ports and a small movement 
ofthe regulating valve per unit of speed change. 

Square ports obviously give quicker action than round ports, 
particularly at the smaller port openings. Apparently the ad- 
vantage prompting the use of round ports is in making the gover- 
hor slower and more stable on the small speed changes. But this 
‘lowness introduces more time lag and overtravel on the type of 
toverning swings which occur on our system. Then too, round 
ports are a distinct loss in speed of operation when the governor 
Shandling the gates for system reserve. 

The studies made so far suggest the use of ports which have 
‘sentially the characteristics of round ports up to plus or minus 
1.02 eyele speed change, the range within which transient pulsa- 

ons occur. Beyond this point, it would appear that the ports 
‘hould be rectangular and as wide as practicable, to reduce time 
lag and give quicker response in bringing on load as reserve. It 
iso appears highly desirable to utilize the maximum movement 
{the regulating valve that can be obtained without measurable 
‘tor or time delay, and with it, the smallest diameter of valve 


that will yield the required port area with the given valve move- 


ment. 

It would seem that the best answer in a governor is a combina- 
tion of high sensitivity translated into movement of the regulat- 
ing valve, careful porting of the regulating valve to suit the loca- 
tion on the system, compensation to help reduce time lag, and the 
lowest speed-droop setting that can be used without hunting. 

To this discussion, one important comment should be added. 
In speaking of system requirements and matters of design, we 
have tacitly assumed the governors to be in good mechanical 
condition. This is not always the case. It should be remem- 
bered that poor performance of a governor may be due entirely 
to lack of intelligent maintenance of the delicate parts of its 
mechanism, rather than to defects of design. The best governor 
this year may be the poorest one 5 years hence, if parts have be- 
come worn and lost motion has developed. Keeping governors 
up to a system standard of mechanical perfection is a very essen- 
tial part of the problem of good governing. 

It is realized that many of the foregoing statements are some- 
what far afield. Yet such seemingly remote considerations have 
deep roots in system economy. The information is presented as 
suggestive of what may be accomplished by analysis and study. 
From what has been observed, there is plenty of room for investi- 
gation and improvement in the field of system governing. 
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Discussion 


P. W. Keppier.2. The A.S.M.E. Committee on Industrial 
Instruments and Regulators (here abbreviated C.1.1.R.) has for 
several years sponsored study of automatic regulation. It has 
also accomplished much in standardizing terminology. It is 
hoped that a way may be found for this very active committee 
to give assistance to the excellent efforts of the author. This 
discussion is intended to help bring about such coordination of 
effort. First, however, it is necessary to clarify the terminology 
used in this discussion. 

“Droop” is a well-understood term and is equivalent to “‘throt- 
tling range” of the C.I.I.R. terminology. 

The conventional central-station steam governor without auto- 
matic frequency control is a “proportional’’ regulator (C.I.I.R. 
terminology). Its characteristics are conveniently made clear 
by imagining 2 jumps in frequency as shown in Fig. 13. These 
result in changes of governor position proportional to the changes 
in frequency curve No. 1, Fig. 13. 

Next in importance is the “proportional speed floating’ 
principle, sometimes called ‘automatic reset” (C.1.I.R. termi- 
nology). Automatic frequency controllers are based on this prin- 
ciple. It is illustrated by curve No. 2, Fig. 13. Rate of change 
of governor position is proportional to the total deviation of 
frequency, as shown. 

The combination of these two most important principles gives 
the proportional plus proportional speed floating regulator, 
illustrated by curve No. 3, Fig. 13. This type of regulation, 
found in every steam central station if automatic frequency eon- 
trol is used by the system, has proved most successful in almost 
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every field of automatic regulation, and basically all control 
problems are closely related. 

The proportional speed floating regulator by itself is hardly 
suitable for frequency regulation, and need not be further dis- 


cussed. 
Before discussing the characteristics of the other two types, it 
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Fig. 14 Hypravuric ANALOGY OF ENERGY FLows TakinG PLACE 
Durinc MoperaTE Loap CHANGE IN AN ELECTRICAL SYSTEM 
Width of each tank is uniform 


appears worth while to clarify the control problem by hydraulic 
analogy similar to that sponsored with great success by the 
C.LI.R. In Fig. 14, tank 7; represents energy stored in the boiler 
room and held at nearly constant level (constant steam pressure). 
This energy flows through the governor valves G,. Straight-line 
or viscous flow is generally assumed where velocity is directly 
proportional to head, because it is sufficiently accurate for mod- 
erate changes and greatly simplifies visualizing and analysis. 
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Energy cannot flow directly to tank 7’; which represents kinetic 
energy of the system and into which flows steam energy and from 
which flows electrical energy. First, the pressure and _ heat- 
energy content of the turbine must be raised before the increase 
in power can fully flow out of the coupling. Slowness or inac- 
curacy of the governor in obeying its own characteristic has the 
same effect. These lags are represented by tank 7:, Fig. 14. 
Time is lacking to determine if one tank is enough for represent- 
ing this lag. Theoretically, every turbine stage should have a 
tank. Fortunately, where many small lag capacities occur in 
series, they may generally be combined into a few, and in our 
case even one tank is likely to be quite accurate. Tank 7, 
cascades through the fixed orifice O; into tank 7';, the head of 
which is related to frequency. Cascading is here used because this 
frequency head does not appreciably affect energy flow out of 
T:. In other words, with a blocked governor, the total useful 
work done by the steam is not likely to change with frequency. 

Ts represents the kinetic energy of all synchronous moving 
parts of the system, driving or driven, including machinery. Its 
head is frequency. Energy flows out at gate G, operated by the 
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Fic. 15 CHARACTERISTIC CURVES OF VARIOUS TYPES OF REGULATION 
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consumer, representing all output except a-c motors. This out 
put is normally independent of frequency due to close voltag? 
regulation. The float device F is therefore shown giving constal! 
head K. Energy also flows through orifice O, into tank 7; a0! 
finally leaves through gate G;, again operated by the consume! 
Tank 7, represents the kinetic energy of induction motors and 
their driven machinery. Orifice O, is determined by slip cha" 
acteristics of these motors. Both 7’; and 7; vary in size but th* 
may be assumed equal to the average value for any given mot 
erate change of load. Their width is uniform so that, due © 
sloping sides, kinetic energy varies with the square of frequenty 
Fig. 14 represents the energy flows taking place during a moderstt 
load change in an electrical system. Tank 7; is an interferent 
and should be kept small. The governor should respond quick! 
and accurately according to its proportional characteristic 8 
the turbine should change its content of heat-and-pressu” 
energy as little as possible with load. If both 7; and 7’, could! 
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eliminated, then regulation would be ideally simple. But, while 
T; may be reduced, 7, and O, can hardly be changed appreciably, 
and must be taken into account. It is entirely likely that mathe- 
matical analysis based on this analog is feasible and would re- 
sult in optimum settings of governors for any given 7, 73, 74, 
0;, and O,. At any rate, this analogy serves to clarify the prob- 
lem. Of course the problem of governing, assuming this analog 
to be sufficiently accurate, is that of maintaining the level in 
tank 7’; as constant as feasible by adjusting gate G, smoothly, 
while G, and G, are being varied by the consumer. 

The nature of the characteristics of various types of regulation 
for a “process” such as this is shown in Fig. 15, for an assumed 
jump in load. Curves No. 1 represent a “proportional” governor 
with sufficient droop and curves No. 2 with insufficient droop. 
Curves No. 2 are of course undesirable for the author’s purposes 
of smooth regulation, due to excessive overtravel. 

Curves Nos. 3 and 4, Fig. 15, illustrate the proportional plus 
proportional speed floating characteristics; curves No. 3 with 
optimum proportional characteristic and optimum floating speed; 
curves No. 4 without these. Curves No. 4 are again undesirable. 

The “compensated” governor mentioned by the author is 
closely related to the foregoing one except that frequency is not 
brought back to its exact value but some residual droop is left in 
it, One advantage of this type is that any number of independ- 
ent floating ‘‘heads’’ may be operated in parallel, although there 
isdanger of some hunting. With true proportional speed floating, 
only one independent “head’’ device appears feasible, because 
with two heads in parallel, one would tend to go to full load, the 
other to zero load. Compensated governors should also be more 
stable for the same initial droop and floating speed settings, but 
they require manual or automatic elimination of the residual 

lroop. 

For steam central stations, the adoption of this type appears 
an unnecessary complication at least for the present. The 
proportional” governor can be made very stable and smooth; 
its phase displacement with frequency (‘‘time lag”) may readily 
be made negligible, as witnessed by the author. If something 
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better than a good proportional governor is desired, then careful 
application of automatic frequency regulation, giving zero final 
droop and eliminating manual interference, would appear a better 
step forward. Especially if load dispatchers were to change vital 
governor settings such as droop of ‘‘compensated” governors ac- 
cording to the load, as the author recommends, then regulation 
like curve No. 4, Fig. 15 would be likely to result. 

The proportional plus proportional speed floating principle has 
proved satisfactory. Good regulator design plus careful setting 
is likely to produce accurate and smooth regulation. 

Many steam governors are crude due to poor design or poor 
maintenance and this should undoubtedly be improved. But 
care should be used in writing specifications so that only essential 
values are asked for. 

First, there should be a straight-line relationship between droop 
and output over the operating range as the author recommends. 
Otherwise, neither the governor nor the automatic frequency con- 
trol can be given the optimum setting. To facilitate synchroniz- 
ing, the droop at extremely low outputs may have to be made 
greater than that used in the operating range. 

Second, there should be a sensitive “‘head,” a minimum of lost 
motion, amply large oil pumps and pilot valves, rectangular ports 
without lap, in short the governor should come as close to its 
ideal (proportional) characteristic as possible. To make gover- 
nors independent of harmonic-frequency pulsations is likely to 
affect their accuracy of motion and it would seem better to let 
them oscillate. 

With improved governors, the optimum initial droop would be- 
come less, and optimum reset speed of frequency controllers 
would increase, resulting in improved accuracy and smoothness of 
regulation. Even with existing governors, however, these can 
be made quite good. 

The writer wishes to commend the author, particularly for his 
excellent test work, and again express the hope that, by joint 
effort with the Committee on Industrial Instruments and Regula- 
tors, a substantial improvement in regulation may be brought 
about. 
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Regulation of System Load and Frequency 


By HERBERT ESTRADA! ano H. A. DRYAR,? PHILADELPHIA, PA. 


This paper discusses the practices of the Philadelphia 
Electric Company system in the regulation of system load 
and frequency, including the scheduling and actual op- 
eration of generating capacity with regard to reliability 
andeconomy. A summary of the principles of economical 
load allocations on both steam and hydrogenerating sta- 
tions is presented. The effect of changes in system load 
or generation on frequency, the self-regulation character- 
istic of the system, and the combined system governor 
action are discussed from the standpoint of the individual 
and the interconnected group of systems. The practices 
of the interconnection, of which the Philadelphia Electric 
Company is a member, in manually regulating the fre- 
quency and the incident problems thereto are considered. 
A discussion of governor instantaneous and average 
speed regulation, sensitivity, and response is given, with 
particular reference to their effect on frequency regulation. 


HE problem of system regulation in its many phases has 

seemed to vary with the ever-changing operating con- 

ditions; it is probable in each instance that we have been 
satisfied with a partial solution of the existing problem. We may 
find the reason for such oversight, however, in the many other 
operating problems that were more persistently demanding a 
remedy. 

Isolated Generating-Station Operation. When the system was 
supplied by a single generating station, the changes in load on 
the plateau of the curve constituted a large percentage of the 
total demand and, as a result, variations in the instantaneous 
frequency were such that industrial customers, particularly 
textile and paper mills, were subject to damage to their product. 
The average frequency was such that the production schedule of 
industrial plants, in quantity and quality, frequently could not 
be maintained. Frequency-measuring instruments of that day, 
however, were of such a broad scale that close average regulation 
was manually difficult. 

Parallel Operation of Generating Stations. With the parallel 
operation of a number of generating stations, dependence on 
system inertia and governor response for system regulation 
emed to provide a satisfactory solution. With this method, 
manual control was assigned to a single regulating station, the 
other generating stations maintaining their assigned output as 
in average loading, permitting the load to vary as the turbine 
governors responded to changes in speed. Aiding in the im- 
provement of the system regulation was the diversity in the load 
swings which made the system load fringe a smaller percentage 
of the total load although larger in absolute magnitude. 

Interconnected Operation of Systems. When interconnections 
were established and the problem of stability made its appearance, 
the settings of turbine governors were further damped and, in 
hany instances, automatic frequency control was installed which 
tended to perform the normal function of the governors. If the 
tolerance of the controller was small, load variations on the regu- 
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lating station were excessive and the station economy suffered. 
Electrical time service, however, was considerably improved and 
this was instrumental in the improvement of this type of service 
on systems having manual control. 

Systems that favored that type of manual control, wherein 
dependence was placed upon turbine-governor response and the 
inertia of rotating equipment, to limit variations in frequency 
and to avoid burdensome changes in load on the regulating sta- 
tion, regarded the frequency indication as a guide in load regula- 
tion. 

Limited Knowledge of Problems of System Regulation. In all 
these phases of system regulation, it would appear, as has been 
charged, there was a lack of sustained interest in this general 
subject, an interest that would apply itself to a complete solution 
of the problem rather than confining itself to a study of an exist- 
ing phase and seeking a remedy for that. 

Operating men favoring automatic frequency control as a 
remedy, regarded a narrow frequency band as essential as closely 
regulated voltage. Operating men who held to manual control 
of frequency objected to abnormal changes in load on a regulating 
station. The generating-station operating force was concerned 
primarily with economical performance. What ills there were 
in system regulation were regarded as inherent and system dis- 
patchers “worried along” with them, striving to hold the fre- 
quency within reason and changes in station output to a mini- 
mum. The advent of interconnections may be said to have 
further postponed efforts looking to a solution, as continued 
interest in the problem was manifested usually by but one com- 
pany of the group. 

Scope of Study of System Regulation. In a study of system regu- 
lation, it is necessary to consider each of the following factors: 


1 The scheduling of generating capacity 

2 The actual operation of generating capacity 
3 Load control 

4 Frequency control 

5 Governor characteristics. 


ScHEDULING GENERATING CAPACITY 


The two principal functions in the operation of an electric- 
power system, that of providing reliable service and attaining 
the highest efficiency of performance, demand that adequate 
generating capacity be scheduled for operation, based on the 
estimate of the system load, on the sum of the estimated loads 
of each area of the system, and the available transmission ca- 
pacity. Fig. 1 is a schematic diagram of the main generating 
and transmission system of the Philadelphia Electric Company, 
indicating the distribution of the system load and the generating 
capacity which may be scheduled for operation. 

Load Estimating. Service reliability and efficient operating 
performance demand accuracy in the forecast of the system load, 
in order that generating capacity, adequate to supply the system 
load and provide the necessary operating reserve, may be economi- 
cally scheduled. 

In the daily estimate of the system load, it is found that there 
is a base load for each day and for each hour of each day, the 
components of which are all the factors, with the exception of 
those affected by weather conditions, that may be considered as 
influencing customer demand and contributing to the diversity 
of such demand. When the components of the customer demand 
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that are the result of existing weather conditions are added to 
the base, the sum will be the system load. In making an accurate 
estimate of the system load, consideration should be given to the 
weather with the proper weight for degree of cloudiness, wind 
velocity, and temperature based upon the best available forecast. 

Reliability. In the scheduling of generating capacity to sup- 
ply the system load, the requirement of reliability of service is 
the first consideration. Reliability is fostered by maintaining the 
availability of the necessary generating capacity to each load 
center of the system. The degree of availability is deemed ade- 
quate if coverage is provided for the possible loss of the generating 
unit of largest capacity within a load area or the possible loss of 
the transmission capacity rendering available to the load area the 


largest amount of generating capacity. 


Economy. In the scheduling of generating capacity to supply 
the system load and provide the necessary spinning reserve, 
economy as a factor in the operation of the system is secondary 
in importance only to that of reliability of service. 

Economy in the operation of the generating system is effected 


' when the cost per kilowatthour of the energy delivered to the bus 


of each load center is the lowest that may be obtained. Thus it 


is necessary not only to calculate the generating cost per kilo- 
- watthour, but to determine also the losses in transmission. 


Spinning Reserve. The spinning-reserve requirement of an 
interconnected system is usually specified as equivalent to the 
capacity of its largest generating unit. This requirement, how- 
ever, is an arbitrary measure and in some instances the reserve 


coverage provided is equivalent to the capacity of two or more 


generators. 
800 
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When systems are interconnected and the spinning reserve is 
pooled to provide coverage for the loss of the largest generating 
unit of the group, it will soon be evident that errors in the load 
estimates are much more frequently the cause of deficits in 
spinning-reserve capacity than the loss of generating capacity. 
Thus it has become necessary to provide spinning reserve as 
coverage for the loss of the largest generating unit or the possible 
load-estimating error, whichever is the greater. 

Assuming that coverage on an interconnected group of three 
‘ystems is to be provided for the largest unit or a 7 per cent 
load-estimating error, whichever is greater, it is seen that the 
reserve requirement will be based on coverage for the load- 
estimating error, if the capacity of the largest unit is less than 7 
Per cent of the load. The reserve requirement may be divided 
among the systems in accordance with some previously agreed 
upon formula. 

When a system is uninterconnected, the hazard to reliability 
of a load-estimating error is obscured in the coverage for the 
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largest unit of the system or in the number of units of smaller 
rating which provided an appreciable amount of reserve capacity 
above their efficient rating. 


AcTUAL OPERATION OF GENERATING CAPACITY 


Typical System Setup. To illustrate the actual operation of 
generating capacity on the system of the Philadelphia Electric 
Company, let us assume that the system load for which generating 
capacity has been made available is 760,000 kw, and the distri- 
bution of this load among the load centers as shown in Fig. 2 is: 


Station Load, kw 

324000 
87000 

ymouth Meeting 

Barbados Island 80000 
Miscellaneous, including losses............ 27000 


The capacity requirements to supply this system load and 
provide the necessary sectional and system spinning reserve 


would be: 
Capacity requirements, 
Station kw 
255000 
60000 
135000 
0000 
54000 


Coordination of Steam and Hydro. In determining how the 
load should be most economically allocated to the generating 
stations, it is necessary to know the performance characteristics 
of each plant in the system. However, the loading of Conowingo, 
a run-of-river hydro plant, supplying a large part of the system 
load, is determined first. Conowingo utilizes the full flow of the 
Susquehanna River for about 70 per cent of the year. During 
the remaining 30 per cent of the year, the river flows are in excess 
of what can be utilized by the present installed capacity 
of 252,000 kw. The plant generates approximately one third of 
the total energy output of the Philadelphia Electric Company 
system in a normal hydro year. It is highly important to allocate 
the load correctly to this station as it has much effect on the 
economy of the connected steam system. 

Steam Base Load. Minimum steam-station costs are closely 
approximated by allocating to Conowingo a block of the system 
daily load, Fig. 3, of such proportions that the area of the block 
corresponds to the available energy to be generated, and the or- 
dinate of the block corresponds to the economical hydro-plant 
capacity. 

Referring to Fig. 3, the higher the position of shaded area, which 
represents the Conowingo energy output, the less will be the area 
of this block. The lower load limit of the shaded area, indicated 
as steam base load, increases as the energy output from Cono- 
wingo decreases. The steam base load may be defined as that 
system load above which Conowingo becomes the marginal sta- 
tion in system loading, taking all the variations in system load 
within the limits of its economical capacity. When the system 
load exceeds the steam base load plus the economical capacity 
of Conowingo, the excess must be carried as steam peak. When 
the system load is less than the steam base load, it is entirely 
carried by steam and Conowingo is shut down. By using the 

steam base load as the basis for loading Conowingo, advantage 
is taken of the Conowingo Pond in absorbing the variations which 
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occur in system daily outputs due to weather conditions and 
other factors affecting system load. 

Determination of Steam Base Load. Corresponding to each 
value of Conowingo daily kilowatthour generation there is a 
definite steam base load for a particular day. This relation is 
utilized in determining the steam base load for each day by using 
the Conowingo loading chart for seven machines available at 
Conowingo, shown in Fig. 4. These curves determine the steam 
base load for a given daily Conowingo energy output and ‘daily 
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(Available peak prepared for = 259,000 kw plus steam base. If system peak 
is greater than this available peak, the steam peak prepared for must be 
increased to make up the difference.) 


system generation. Similar charts are used if less than seven 
machines are available at Conowingo, one chart for each Cono- 
wingo capacity value. The curves are worked out from daily 
occurrence curves which show the generation in the load curve 
below each value of system load. The steam-base curves apply 
to the different seasons equally well in spite of the seasonal varia- 
tions in the shapes of the daily load curve. 

Variation in Hydro-Station Increment Rate. The foregoing 
relations have been based on substantially constant hydro- 
station increment rates. By hydro-station increment rate is 
meant the increase in station draft, or in rate of flow of water 
through the turbines, corresponding to a slight increase in hydro 
load divided by the increase in load. It can be conveniently ex- 
pressed in terms of cfs per kw. Fig. 5 shows the variation in in- 
crement rate for Conowingo against station loading expressed in 
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per cent of average hydro-station increment rate. The hydro 
increment rate remains practically constant up to the most 
efficient load for all hydro units on the line. Beyond this load, 
however, the hydro increment rate usually increases quite rapidly. 

Economical Loading of Hydro. The principles of most eco- 
nomical hydro load allocations can be summarized generally as 
the utilization of the river flow so as to displace the maximum 
steam-station cost per cfs of river flow. The value of a small 
increment of river flow cfs is equal to the value of the correspond- 
ing small increment of hydro load A kw, in displacing steam 
generation. 


I 
The value of the river flow per cfs per hr = W 


Acfs 
= hydro-station increment rate 


where W = 
I = incremental cost of displaced steam generation 
In order to load the hydro station in the overload region beyond 
I 
most economical capacity, the value of ¥ must be equal to w 
higher than during the steam-base period of the day, as the total 
flow for the day is fixed and whatever extra water is used during 
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(To justify operation of hydro overload capacity the increment cost ot 

steam stations, of energy displaced by hydro overload capacity, must be 

equal to or greater than steam-base increment cost multiplied by percentage 
on this chart.) 


one period must be stored in the pond during some other period 
Therefore, the hydro station is loaded incrementally beyond its 
most efficient rating in conjunction with the system to carry the 
peak portion of the load. In any case, however, the overlos¢ 
capacity of the hydro station, beyond most economical capacity, 
should be utilized as reserve on the system in order to reduce 
steam stand-by costs. 
The incremental value of the hydro station in this region to b 
compared to the incremental cost of the steam is I, W, 
B 
where Jz = steam-base increment cost 
W = hydro-station increment rate 
We, = average hydro-station increment rate 


If W, is taken as the average hydro increment rate up to o 
economical capacity, the curves in Fig. 5 then give the values 


Ww 
W, in per cent for the overload capacity. 
B 


Steam-Station Performance Curves. The steam-station Pe 
formance curves are based on accurate performance tests of a. 
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pertinent equipment, the tests having been conducted with the 
apparatus in the best possible operating condition. The heat- 
balance calculations, which are made by combining the tests of 
the individual equipment into station performance curves, are the 
same sort of performance calculations that are made in the de- 
sign of a station. Daily performance curves are calculated 
from typical daily load studies by summating the individual 
hourly performances for the day, computed from the hourly 
plant performance curves. In working out the station perform- 
ance curves, the most economical operating and loading schedules 
for individual equipment in the plant are developed. 

Charts for Typical Station. Fig. 6 shows one of the plant- 
performance charts for a generating station having 2 turbo- 
generators and 12 boilers, giving the relation of hourly coal con- 
sumption to net kilowatt output for 32 F and 80 F condenser cir- 
culating water in injection temperatures, and for varying number 
of boilers under fire. The total coal consumption, based on coal 
having a standard heating value, is obtained from the sum of 
parts A, B, and C given by the curves. Part A gives the banking 
or no-load coal per hr for the number of boilers under fire. Part 
B gives the coal required per hr as a function of the net kilowatt 
output with all the boilers in the station under fire. Part C gives 
an adjustment for a less number of boilers under fire, the adjust- 
ment resulting from the decrease in boiler efficiency with in- 
crease in rating. 

Increment Coal Rate. The heat-balance calculations for the 
station-performance curves are also used in obtaining the incre- 
ment-coal-rate curves for the station. The increment-coal-rate 
curves greatly simplify the task of allocating properly the system 
load to the individual generating stations, and are also useful in 
determining increment costs of so-called economy power pur- 
chased from or sold to interconnecting companies. 

The increment coal rate may be defined as the pounds of coal 
required to produce an increment of 1 kw in the net station out- 
put. It corresponds to the slope of the tangent at a given load 
on the hourly-coal-consumption curves shown in Fig. 6. The 
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increment coal rate varies with station loading, condenser 
injection circulating-water temperature, and also with the num- 
ber of boilers which are under fire. 

In Fig. 7 are shown the increment-coal-rate curves for the 
generating station, the performance curves for which are shown 
in Fig. 6. The increment-coal-rate values expressed in per cent 
of average station coal rate are shown as a function of station 
load for 32 F and 80 F condenser injection circulating-water 
temperature. Adjustments are given below the main curves for 
the number of boilers which are under fire in the station. This 
adjustment is added to the value given by the main curves to 
obtain the total bogey increment rate. The main curves are for 
the maximum number of boilers under fire. 

Increment Rate in the Overload Region of the Turbines. Suffi- 
cient turbogenerators are carried on the system at all times to 
maintain the load in the event of the failure of the unit of larg- 
est capacity. All machines, in general, are provided with overload 
capacity, where the increment coal rate is from 12 to 20 per cent 
greater than in the normal load region. This overload capacity 
should, therefore, be used as far as possible in providing reserve 
for the outage of the largest unit of capacity on the system. To 
make the increment-rate curves Fig. 7 more readable, the over- 
load increment rate for the first main unit on the line has been 
omitted. 

In other words, the curve is worked out on the basis that the 
next machine is put on the line just before the overload valves 
open on the machine already in service. The addition of the 
second unit on the line, Fig. 7, increases the coal consumption 
from 3100 lb per hr to 4400 lb per hr, depending upon the injec- 
tion temperature. This increased coal consumption must be 
balanced against the increase in increment rate in the overload 
region to determine how much overload capacity should run be- 
fore an extra unit is placed on the line in advance of reserve re- 
quirements. 

Operating Factor. Inasmuch as the increment-coal-rate curves 
are derived from the same heat-balance calculations as the coal 
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bogeys which are used to check the performance of the generating 
stations, the margin by which the actual coal consumption ex- 
ceeds the bogey coal consumption should be used in correcting 
the bogey increment coal rate to actual conditions. This margin 
is approximately 2 per cent giving a factor of approximately 1.02 
by which to multiply the bogey increment-coal-rate values in 
order to correct the actual plant conditions. The actual factor 
is known at all times from the check of operation in the plant. 

Allocation of Load. The criterion for correct load allocation is 
that the load shall be increased on the steam-generating station 
having the lowest increment cost per kwhr. An important con- 
sideration with reference to load allocation is the number of main 
units to have on the line. At the lower loads, the number of 
units is determined by the amount of reserve for which it is 
necessary to stand by. In this case, the station increment-coal- 
rate value given by the curves in Fig. 7, corrected by the operat- 
ing factor, is multiplied by the price of fuel giving the incremental 
cost of fuel per kwhr. To this is added the incremental mainte- 
nance cost to determine the total steam-station incremental cost 
which is used directly in determining the correct allocation of 
load. Assuming a river flow corresponding to a daily Cono- 
wingo output of 2,000,000 kwhr per day, and a daily system 
output of 13,000,000 kwhr, the steam base load corresponding to 
this is 529,000 kw. The most economical allocation of this steam 
base load to the individual steam-generating stations, Fig. 2, 
is as follows: 


Station Load, kw 


With this steam base and the system load of 760,000 kw, 
Conowingo is loaded to 231,000 kw. As the system load changes, 
the load on Conowingo is varied to hold the frequency. 


REGULATION oF LoApD 


The system load is a composite function of the variable de- 
mands of the customers of a power company, the connected load 
or the maximum potential demand of which may be four or five 
times the actual diversified energy consumption, termed the 
system load. The continual change in the customer demand 
produces a fringe in the system load which is attended by a con- 
tinual variation in the system speed. On an interconnected 
group of systems having a combined approximate load of 2,400,- 
000 kw, the frequency variation because of this fringe may ap- 
proximate 0.05 cycle. Accentuating this fringe and responsible 
for a greater frequency error are the swings of such loads as that 
of railroad or steel-mill demands. 

These changes in the system load, however, should not cause 
the abnormal variations in frequency which, when corrective 
measures are applied, are sometimes reflected in extreme and 
continued changes in the output of the generating stations. 

Frequency Variation a Guide to Load Change. A deviation from 
standard frequency under normal operating conditions generally 
may be considered as an indication of a change in system load. 
The major load changes, such as that of the morning pickup or 
the noontime drop, however, are anticipated from the normal 
shape of the load curve. Thus, in a system which regulates its 
load manually, the attention of the station operator is held to the 

frequency recorder in order that a sustained load change may be 
observed and the necessary change in station output made. 
Where the manual regulation is a responsibility of the load dis- 
patcher, and the regulation is not assigned to a station, the alloca- 
tion of the increased or the decreased demand will be made in 
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accordance with the economic loading schedule. In this opera- 
tion as in all regulating measures, attention of the station operator 
should be directed to the frequency, in order that errors in speed 
may be avoided. 

Regulation of Tie-Line Loading. In the manual regulation of 
the load of an interconnected group of systems, it is usual to 
delegate to one company the responsibility of frequency control 
and to one or more of the other companies the duty of regulating 
the tie-line loading. 

Regardless of the part in the general program of regulation 
that a company may be assigned, it should be recognized that 
control of the frequency is inherent in each regulating function. 
Slight changes in generation in an effort to return a tie-line load- 
ing to schedule, for instance, may improve the frequency or, if 
proper operating procedure is violated, may cause an abnormal 
frequency error. 

Effect of Load Change on Frequency. The effect of a system 
load change on the frequency, when turbine-governor respons 
tends to limit the variation, may approximate the following 
Two per cent load change produces '/, per cent frequency change 
or a system regulation of approximately 8 per cent. 

These deviations in the frequency, with respect to system load 
changes, are those which remain after the turbine governor 
have responded to the initial frequency change and have partially 
corrected the variation in speed. These frequency deviations are, 
in themselves, responsible for an actual change in system de- 
mand. This change, when added to the change in generation 
effected by the governors, is equal to the initial load change at 
standard frequency. The correction of the remaining frequency 
deviation is effected by changing generation manually on thi 
marginal station. Theoretically this manual change of generatior 
should be comparable in amount to the change in load as the 
turbine governors of other stations act to restore their output t 
their assigned loading. 

Frequently, however, there is little if any counteraction by 
governors and the manual change of generation on the margina. 
station to correct the remaining frequency deviation will effect s 
load change on all systems of the interconnected group in pr- 
portion to their respective system loads as the frequency is r 
stored to normal. 

Effect of Large Generating-Capacity Loss. If there were 1 
turbine-governor response to a system load change, the variation 
in frequency for a given load change would be much greater it 
percentage deviation from standard. This deviation fron 
standard frequency with respect to a system load change woul’ 
be comparable to that which occurs when there is a deficiency | 
generating capacity with respect to the load at normal frequency 

The change in the system load as a result of a drop in frequen 
because of the loss of a large amount of generating capacity wil 
approximate 2.5 per cent of the system load to 1 per cent chang 
in frequency. In one instance, the system load at normal {re 
quency was 720,000 kw and there was a loss of 230,000 k 
generating capacity, the system load automatically reduced t 
equal the generating capacity remaining available. The gener 
ing capacity remaining available to the load was 580,000 kw ane 
the reduction in load was 140,000 kw or approximately 20 pe’ 
cent. The decrease in frequency was not quite 5 cycles, 
approximately 8 per cent. 

Effect of Frequency Reduction on System Load. The sat’ 
relation between system load change and frequency variatio! 
which exists in the event of the loss of considerable generatil! 
capacity, also applies when there is a reduction in system {t 
quency. Reducing the frequency 0.6 cycle or 1 per cent on 
interconnection having a load of 2,400,000 kw at normal ft 
quency will reduce the combined load approximately 2.5 p& 
cent or 60,000 kw. 
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Effect of Change in Generation on Frequency. This relation 
between load change and frequency variation is presented as 
forming & close approximation of the effect of the change of one 


- factor on the other when there is no governor response to correct 
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» were approximately 40 per cent of the total number of readings 


an error in the system speed. This same relation is also effective 
in the correction of frequency errors or the returning of tie-line 
loading to schedule. Where there are relatively small changes of 
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generation, there may be little if any counteracting effect of the 
turbine governors of other stations or systems. Thus it will be 
found on even large interconnections of approximately 2,400,000- 
kw load that a change of 10,000 kw in generation will frequently 
cause a change in frequency of 0.1 cycle. 

Fig. 8 is a diagram of readings taken when the system genera- 
These 


taken. The other 60 per cent, which were not included as counter- 
action of governors or load changes on the system, were evidenced 


in the readings. 


The company changing its generation 10,000 kw to correct 
tie-line loading may cause a frequency change of 0.1 cycle, and a 
company to correct an error of 0.1 cycle in frequency may have to 

_ change its generation only 10,000 kw. 

Regulation of Simple Interconnection. Where only two systems 

are interconnected, proper operating procedure requires that 
' manual readjustment of tie-line loading should be made as 
follows: 

Generation should be increased or decreased first to correct 
any existing error in the frequency. Then, both systems must 

| act together to complete the correction of tie-line loading, one 
system decreasing its generation as the other increases its output. 
In like manner, manual correction of abnormal frequency errors 
requires mutual action if “‘seesawing”’ of station loadings and of 
the frequency is to be avoided. 

Interconnected-Group Systems. In the interconnected group 
}o which the Philadelphia Electric Company is one, there are 
approximately fourteen operating companies. In the operation 
|of the Pennsylvania-New Jersey Interconnection, of which the 
Pennsylvania Power and Light Company, Philadelphia Electric 
Company, and Public Service Electric and Gas Company of New 
etsey are the member companies, instructions to change the 

generation are given by the interconnection load dispatcher who 
has the responsibility of maintaining the frequency. The alloca- 
ton of the combined loading of the three companies forming this 
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interconnection on the basis of economical performance improves 
the regulation of the frequency as the loading of the tie lines 
which are of ample rating may vary in amount and direction and 
requires no regulation. The Pennsylvania Water and Power 
Company and the Metropolitan Edison Company have the 
responsibility of regulating the tie-line loading. 

Regulation of Interconnected Group of Systems. In the manual 
regulation of tie-line loading in an interconnected group of 
systems, proper operating procedure requires readjustment to be 
made in the following manner: 

Generation first should be increased or decreased to correct 
any existing error in the frequency. The system to initiate this 
correction will be indicated by the relation of the tie-line loading 
to the schedule and the possible effect of the change on the fre- 
quency. Then, each system may have to change its generation, 
one or more decreasing its output as the others increase their 
output. 

It can be said that correction of tie-line loading is not a duty 
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Fig.9 REGULATION OF GRovP OF Systems, 60- AND 25-CycLE Loop; 
SIMPLIFIED DIAGRAM 


P.S., Public Service Electric and Gas Company; M.E., Metropolitan 
dison Company, New Jersey Power and Light Company; P.L., Penn- 
sylvania Power and Light Company; P.E., Philadelphia Electric Com- 
pany; P.W.P., Pennsylvania Water & Power Company; Balt., Consolidated 
Gas & Electric Company; Washington, Potomac Edison Company.) 


that may be performed by one system. Observance of the tie- 
line loading may be the responsibility of one system, but its regu- 
lation requires the cooperation of two or more systems. 

In the same way, correction of abnormal frequency errors is a 
duty that may not usually be performed by one system. Mutual 
action by all systems of the interconnected group may be required 
to avoid “seesawing”’ of station loadings and of the frequency. 

Attention to Frequency. In any adjustment of tie-line loading, 
it is desirable that the frequency be observed in order that an 
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existing frequency error is not aggravated, or a frequency error 
in the opposite direction is not induced, as subsequent correction 
of the frequency will again result in the tie-line-loading schedule 
being adversely affected and again requiring further adjustments. 

In order that abnormal frequency errors may be avoided, it may 
be desirable that the application of corrective measures begin 
when the frequency departs more than 0.05 cycle from standard. 
This practice not only may reduce the number of abnormal 
errors, but will minimize the loading changes on stations and 
tend to prevent seesawing of station and tie-line loading. 

Attention to Tie-Line Loading. Where a meter on the tie line 
is not available to the frequency-regulating system to indicate 
where a load change has occurred, the load dispatcher of this 
system must of necessity depend upon the dispatchers of those 
companies whose responsibility it is to observe and correct for 
tie-line loading. If there is a failure of companies to observe tie- 
line loadings, the burden is placed on the frequency-regulating 
system to ask for a check of the loading of these tie lines, and to 
await a report of these loadings before complete corrective 
measures may be taken to restore normal frequency. In the 
meantime, some changes in station output have been made and 
frequently these moves will be followed by changes in the opposite 
direction when correction by the tardy system has been made. 

Interconnection Forming 25- and 60-Cycle Loop. Referring to 
Fig. 9, the load dispatcher of the Pennsylvania-New Jersey Inter- 
connection, who supervises the allocation of the combined load 
of this operating group to each system (P.E., P.L., P.S.),° also 
has the responsibility of frequency control. The control of tie- 
line loading thus devolves on M.E. and P.W.P.,‘ with the greater 
part of this duty on the latter as P.W.P. must control the loading 
of the 60-cycle ties (P.W.P.-M.E. and P.W.P.-P.L.) and also 
the 25-cycle tie (P.W.P.-P.E.) formed by the frequency-converter 
supply to, and the transmission facilities of, the Pennsylvania 
Railroad. 

Deviation from the scheduled loading of these ties frequently 
results from the frame shifting of the frequency converter at 
Safe Harbor or at Bennings. This operation may be performed 
to: 


Regulate loading of 25-cycle tie 

Increase the supply of power to Washington 

Reduce overload on P.W.P.-Washington 60-cycle tie 
Utilize output of hydro unit on 60-cycle system of P.W.P. 


The movement of a converter frame, if necessitating the cor- 
rection of tie-line loading by Washington and Baltimore, one 
counteracting the other in the effect on the frequency, should not 
cause an abnormal deviation in the system speed if the frequency 
is properly observed in the corrective measures. 


3 Philadelphia Electric Company; Pennsylvania Power & Light 
Company; Public Service Electric & Gas Company. 

4 Metropolitan Edison Company, New Jersey Power & Light 
Company, and Pennsylvania Water & Power Company. 
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Division of Railroad Load Swings. When there is an increase 
of the railroad load, regardless of the area in which it occurs, 
the supply of the increased demand will closely approximate the 
relative frequency-converter capacity in operation in each area, 
as the relative impedance of this type of equipment determines 
to a great degree direction of flow. In like manner, a reduction 
of railroad load will divide in approximate ratio to the frequency- 
converter capacity operating. 


REGULATION OF FREQUENCY 


A frequency curve appears to have several components: 4 
rapid, periodic variation of approximately 0.005 cycle of an 
approximate period of 2 sec; variations of approximately 0.05 
cycle having a semblance of a periodicity of 30 sec; variations o! 
0.1 cycle or more from standard frequency that are irregular jn 
occurrence. Fig. 10 is a copy of a high-speed Leeds and Northru; 
chart of the frequency of the Philadelphia Electric Company 
system for a 7.5-min period. The curve for this period is typical 
of the normal frequency curve. 

Frequency Ripple. The rapid, periodic variation of approxi. 
mately 0.005 cycle appears to be a rhythmic pulsation which ma; 
be ascribed to synchronizing power between generators and th: 
load or between systems or parts of a system. The rapidity 0 
the variation probably will not permit of regulation and tl: 
smallness of the variation does not warrant efforts to correct 
This variation of 0.005 cycle follows the curve of the frequency « 
it responds to the other influences which cause changes in speed 

System Characteristic. Variations of approximately 0.05 cyci 
also are continuous. If the other causes of speed change wer 
absent, these variations would probably be reflected in a curr 


which would be a succession of waves of an amplitude not er — 


ceeding 0.05 cycle that it would be inadvisable to regulate, becaus 
the load change on each generating station, as a result of the 
variation, is negligible, and any corrective measures might tené 
only to halve the periodicity of the variation without any reduc 
tion of the amplitude. This variation of 0.05 cycle also follow 


the trend of the frequency curve. As the deviation from standar & 
mittec 


frequency becomes greater, governors should respond to limi 
the changes in speed. If the governor regulation is 4 per cet! 
and the frequency variation is 0.05 cycle or '/s9 of the speed dro 
for 100 per cent load change, it may be possible that there will & 
no governor response. 

This variation of 0.05 cycle in the system frequency may & 
ascribed to the change in the fringe of the load curve, whit! 
marks the great diversification in the use of appliances, lighting 
motors, etc., throughout the day. 

It is difficult to believe that these continual variations ¢ 
approximately 0.05 cycle are a result of improper governor acti! 
as any erratic impulse from this source might be expected 
cause an unevenness in the regulation that would render an averit 
frequency of 60 cycles impossible. 

That such average regulation may be considered as inheret! 
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Fig. 12 Frequency CHart or Two 


urv fina large system group is substantiated frequently in the opera- 
t ex 


tion of the combined system for intervals of several hours, during 
~aux fe Which periods there were no changes in generation to correct 
f thee frequency deviations. This self-regulating property was evi- 


ten’ denced particularly some years ago in an interconnection of 


edu-fe systems having a combined load of approximately 4,000,000 kw. 
low Frequency control on this group of systems had been automatic 
ndari fe until 7:15 a.m. one day, when the regulating company trans- 


limit mitted a request to be relayed by telephone through six com- 
panies, to another company, which practiced manual regulation, 


> cen 
| drop. (0 assume control. The message was not delivered and for more 
ville than 4 hr the frequency curve was similar to that of the previous 
hours when regulation was automatic. The lack of supervision 
ay &&p of the regulation was discovered when the first regulating com- 
whic Pany asked the latter, “When did you install automatic frequency 
control?”’ 
Similarity of Systems’ Characteristic. Evidence of this com- 
ons (fe Ponent of the frequency curve is seen in the frequency chart of 
acti March 10, 1927, Fig. 11, when the Philadelphia Electric Com- 


ted tf P8ny was operating as an uninterconnected system with a load 
of approximately 400,000 kw. This same variation is seen in the 


veragt 
Bp frequency chart of April 3, 1928, Fig. 12, when the system of 
heren! the Philadelphia Electric Company was interconnected with that 
of the Pennsylvania Power & Light Company and in the frequency 
a chart of October 14, 1929, Fig. 13, with Public Service Electric & 


= “as Company of New Jersey as one of the interconnected group. 
— BH The similarity of the curves testifies to some one force that is 


inherent in the operation of a system or a group of systems, small 

or large, as productive of the variation. Such an impulse may 
= shave its source in the changing fringe of the load. 
SH The chart of October 14, 1929, Fig. 13, indicates also the load 
—= ] of the regulating station, Conowingo. At that time the frequency 
3 BH ntrol was always assigned to a generating station. As experi- 
= pice indicated that large interconnections with ties of large 
—— FH *Pacity were, to a great degree, self-regulating, the load dis- 


pPatcher assumed direct supervision of the frequency and allo- 
‘ated sustained changes in load in accordance with the economic 
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Systems INTERCONNECTED, APRIL 3, 1928 


loading schedule. This practice may be observed in the chart of 
November 6, 1931, Fig. 14, which indicates the generated load 
of the marginal station which was directed by the load dispatcher 
to change its output when the change in frequency indicated a 
sustained load change. 

Variations Demanding Correction. Also of interest in all these 
charts is the third component of the frequency curve which is 
irregular in occurrence. This component may be divided into 
two factors. One is the variation caused by changes in such 
load as the demand of railroads or steel mills. The other is the 
variation which is due to one of the following causes: 


1 Loss of generating capacity 

Units loaded regardless of frequency 

Failure to anticipate system load changes 
“Regulating” tie-line loading regardless of frequency. 


bo 


Frequency variations due to such load changes as that of rail- 
road or steel-mill demand may influence the setting of governors 
in order that governor action may maintain the frequency within 
reasonable limits for an appreciable change in load. 

Variations in frequency which find their cause in departure 
from proper operating procedure may be said to be responsible 
for most of our present problems in regulation. It is probable 
that some improvement in governor performance would aid in 
limiting these variations. The improvement which would bring 
about closer attention of all operators to the frequency, however, 
would be fully as adequate. Maintaining satisfactory frequency 
then would be a matter of observing its trend and directing the 
necessary change in the output of the marginal station to correct 
deviation. 

Nonobservance of Proper Operating Procedure. Of the failures 
to observe proper operating procedure, “regulating”’ tie-line load- 
ing regardless of frequency, appears to be the cause of approxi- 
mately 75 per cent of abnormal frequency variations. The ab- 
normal variations from this cause frequently occur on the hour or 
half hour or at the time readings are taken. Evidently, equip- 
ment loadings are then changed and, at times, regardless of the 
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of tie-line loading in its effect on the frequency will be counter- 
acted by the action of the governors of units of other stations or 
systems, thus tending to maintain normal frequency. Often this 
is not the case, Fig. 8, and if the generation is changed with- 
out regard to the frequency, an abnormal frequency error may 
occur. 

Speed Characteristic of Systems. In the regulation of the fre- 
quency and of tie-line loading, it is essential that this speed char- 
acteristic of the group of paralleled systems be known in order 
that the effect of changes in load and generation on the system 
frequency may be anticipated and the effect of variations of 
the frequency on the system load may be recognized. 

On a group of systems, the combined load of which is 2,400,000 
kw, this change of generation may be approximately 10,000 kw 
to effect a frequency change of 0.1 cycle. The reverse of this is 
also true. A change of generation of 10,000 kw, in an effort to 
correct tie-line loading, may cause a frequency change of 0.1 
cycle. 

Regulation of Tie-Line Loading Also Controls Frequency. Be- 
cause of the appreciable effect on the frequency of a small change 
in generation, it is evident, if tie-line loading is to be corrected, 
that the creation of a frequency error must be avoided. Where 
this possibility is present, the system, which should counteract 
any adverse effect on the frequency, should be informed of the 
proposed action. 

Frequently it happens that measures applied to correct fre- 
quency or tie-line loading have to be counteracted immediately 
afterward by measures of the same magnitude in the opposite 
direction. This type of operation constitutes the really objec- 
tionable problem in the regulation of the load and frequency. 
It evidences a failure to observe the trend of the load or of the 
frequency. It indicates that the remedy for the wide variations 
in frequency may be found in many instances in a minimum of 
applied corrective measures. 


Governor Action. The action of the speed governors on the 
prime movers is a primary factor in maintaining the system fre 
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quency within narrow limits. The governors should be sensitive emi ¢ 
to small speed changes and should hold the speed within narrow Instantaneous speed regulation in per cent = - Akw x 100 
limits in accordance with their speed-regulation characteristic. SX 1S 


The governors should do this without sacrificing stability, as it 
is part of the governor function to permit proper parallel opera- 
tion of the prime movers. 

Governor Sensitivity. The sensitivity of the governors is im- 
portant for small changes in system frequency. If the governors 
do not respond to small changes in frequency, due to small load 
changes, the variation in frequency for small changes in load is 
then determined by the self-regulation of the system load. Fig. 8 
shows the changes in frequency, resulting from changes in load 
less than 10,000 kw on a system with a combined load of about 
2,400,000 kw. The average variation determined from the straight 
line in the illustration shows that the frequency varies 0.1 
eyele for a load change of 10,000 kw, which on a 2,400,000-kw 
system is equivalent to 0.4 per cent load change for a change in 
frequency of '/s per cent. This same approximate variation was 
obtained on several occasions when transmission-line failures re- 
sulted in a deficiency of generating capacity. 

Theoretically it would appear that this is too large a variation 
in load for a given change in speed, but it is possible that a small 
percentage of the governors are acting to decrease the amount of 
speed change for a given change in load; it may also be that 
there is some slight variation in voltage which tends to contribute 
to the load change. By increasing the sensitivity of the gover- 
nors, smoother operation of the governor function would be pro- 
moted and easier control of the frequency after load changes 
would result. 

Governor Speed Regulation. For larger changes in speed, the 
variation in speed for a given change in load is determined by the 
speed-regulation characteristics of the governors. The speed- 
_ regulation characteristic may be defined as the change in speed in 
per cent of normal speed, which is required by the governor in 
order to vary the load from no load to full load. The governors 
onthe system vary in speed regulation from two to eight per 
cent. 

While the speed regulation over the range from no load to full 
_ load would indicate the frequency variation for a very large 
change in load on the system, the instantaneous speed regulation 
isa better indication of the effect on frequency of the load changes 
which are usually obtained on large systems. 

Most governors have a wide range of instantaneous speed regu- 
_ lation for small changes in speed. This variation in instantane- 

ous speed regulation is partly due to the difference in the 

amounts of steam admitted by a given movement of the control 

valve, depending upon the position of the valve. Other reasons 

for this variation are the changes in the efficiency of the tur- 

bine over the load range and on some governors the speed 

motor introduces a spring force which changes the speed regu- 
lation. 

The position of the control valve has a large influence on 
instantaneous regulation. Thus, most control valves, which are 
just opening, will admit a large increment of steam for a given 
movement of the valve, while a valve which is nearly fully open 

_ will show a small increase in steam flow for a given movement of 
the valve. This is one of the reasons why as units approach full 
load, the instantaneous speed regulation is usually very high and 
these units participate very little in maintaining close frequency. 

| The valve characteristics are sometimes changed by reshaping 

a ports, or by installing cams to control the movement of the 

valve, 

Fig. 15 shows the instantaneous speed regulation plotted in 
relation to load for a turbine equipped with three overload valves. 
The instantaneous speed regulation is determined for each load 
point from the formula 


where C = turbine capacity 
S = normal speed 
Akw 


AS 


rate of change of load with speed 


It is seen that the instantaneous speed regulation varies con- 
siderably over the load range and at full load is quite high. This 
turbine is equipped with cams on the primary admission valve, 
the secondary and tertiary admission valves, while the quaternary 


8 


N 


INSTANTANEOUS SPEED REGULATION— PER CENT 


ie} 10 20 30 40 50 60 70 80 90 100 0 
LOAD— PERCENTAGE OF FULL-LOAD CAPACITY 


Fig. 15 Governor SpeeD REGULATION; TURBINE Equiprep W1TH 
Four ADMISSION VALVES 


admission valve does not have a cam. On the valves equipped 
with cams, the instantaneous speed regulation is more uni- 
form. Before the secondary valve has started to open at about 
50 per cent load the instantaneous regulation is quite high and, 
if the machine is loaded at this point, there is less variation in 
load with a change in frequency. This may be desirable from 
an economy standpoint, as there is a sharp increase in the incre- 
mental heat rate of a turbine when the next admission valve is 
just opening. Any tendency to open the overload valve on load 
swings may result in loss of economy. 

Combined-System Governor Response. The combined governor 
speed characteristic of the system results in a variation of 40,000 
kw for a change in frequency of 0.1 cycle, which is about 2 per 
cent load variation for a change in frequency of 1/5 per cent. 
This would correspond to a governor speed regulation of about 8 
per cent. This regulation is obtained when the hydro units are 
on peak operation and their governors are assisting in the fre- 
quency regulation, although some of the governors on the steam- 
base-load units are more sluggish. When the flow on the Sus- 
quehanna River is at flood stage and the hydro units are operating 
wide-open with the governors against the stops, the speed varia- 
tion on the system for a given load change is much greater, inas- 
much as the governors are controlling speed on a smaller per- 
centage of the generating capacity. This is especially apparent 
when the system load is a minimum and the hydro is maximum. 

A governor with considerable inertia may become unstable and 
cause hunting if its speed regulation is made too small so that it 
tries to hold the speed within narrow limits, without sufficient 
dashpot action. It may also cause a swinging of the load at 


certain load points where the instantaneous regulation is too 
small. This hunting condition is usually self-evident in a steam- 
generating station where it occurs and may cause considerable 
trouble in the boiler plant. 


The operating forces in the steam- 
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generating station usually seek to correct such hunting in order 
to eliminate their trouble. Such hunting may be corrected by 
broader governor regulation and, from the system standpoint, 
it is better to eliminate such hunting even at the expense of 
broader regulation. 

Effect of Governor Action on Tie-Line Loads. Where two large 
groups of systems are interconnected over a tie line, with a load 
change in one system, the governors on the other system will 
share in the load change in accordance with the variation in fre- 
quency and consequently cause a variation in the tie-line load. 
If the tie line is of relatively small capacity, the variation in tie- 
line load when superimposed on the normal tie-line load may 
cause the tie line to trip out due to overload or instability. 

In some cases, the original variation in tie-line load caused by 
the governors may initiate a seesawing condition in attempting 
to correct manually the tie-line load. This additional variation 
may cause the tie lines to trip. 

Effect of Governor Regulation on Economy. The regulating ac- 
tion of the governors on the base-load units would appear to 
result in an uneconomical allocation of system load if the fre- 
quency should change. For instance, if the frequency should in- 
crease, the most efficient base-load units in order to share in the 
frequency regulation would proportionately decrease in load, 
while theoretically for maximum economy the entire load drop 
should be taken by the marginal station. However, if all the 
units are sharing in the regulation, the change in frequency would 
be very small and the corresponding change in load on any sta- 
tion due to the governor operation would be very slight. Also, 
the more efficient units would in general be loaded nearer their 
maximum capacity and the control valves would be close to the 
fully open position where the governor regulation is much broader 
and the smaller change in load results from a given change in 
frequency. The frequency would then be restored to normal by 
repositioning the governors on the marginal station whose load 
should be changed in accordance with economic loading require- 
ments. As the frequency is restored to normal, all the generat- 
ing units with the exception of the marginal unit should return to 
their original loads before the load change occurs. 

If an attempt is made to hold the frequency too close by regu- 
lating the frequency on a marginal steam station, all the load 
swings would be taken by the marginal station and would impose 
a heavy burden on the boiler plant of the station, with conse- 
quent loss in economy on the entire load carried by the station. 
If the marginal station is a hydro plant, the loss in economy 
would not be as great as on a steam plant. 

Governor Load-Limiting Devices. Some governors on steam 
units are equipped with load-limiting devices which are used 
when the boiler capacity is less than the spinning-turbine ca- 
pacity. Regardless of a decrease in frequency, the load-limiting 
device limits the loading on the turbine to any predetermined 
value corresponding to the setting of the load-limiting device. 
Should the outage of a boiler unit reduce the boiler capacity below 
the turbine capacity, the load-limiting device will prevent the 
possibility of water carry-over from the boilers to the turbine 
on a drop in frequency which would normally cause the governor 
to bring the turbine to full load. 


CONCLUSIONS 


1 The sensitivity of the governors should be increased as 
much as possible, in order to give smoother operation of the 
governors and provide a definite relationship between change 
in frequency and change in system load for small changes in load 
or generation. 

2 The instantaneous speed regulation of the governors over 
the entire load range should be more uniform, in order to improve 
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governor stability where the instantaneous regulation is lower and 
to limit the speed variation for a given change in load where the 
regulation is high. The instantaneous regulation, however, 
should be higher in percentage where sharp increases occur in the 
incremental heat rate of the turbine and at minimum loads on a 
plant where boiler-plant conditions may become unstable with 
extreme load changes. 

3 The average speed regulation of the governors should be 
reduced as much as possible without, however, sacrificing stabil- 
ity of parallel operation. This measure should be applied gener- 
ally throughout the systems of an interconnected group in order 
to limit the burden due to load variation on any particular sta- 
tion. 

4 Where tie-line loads must be regulated, the regulation 
of frequency or tie-line loading is a mutual operation, requiring 
the cooperation of all system dispatchers. The regulation of the 
frequency must be performed with regard to the tie-line loading 
and the regulation of the tie-line loading must be performed wit! 
regard to the frequency. 

5 Where interconnection tie lines require no regulation, fre. 
quency variations will indicate a change in system load and thy 
interconnection dispatcher can allocate the load change 01 
the basis of economical loading. 


BIBLIOGRAPHY 


‘‘Frequency Regulation—The Fundamental Problem," }y 
H. A. Dryar, Electrical World, September 10, 1932, p. 342. 

‘‘Economics of Combined Hydro- and Steam-Power Systems, 
by N. E. Funk (presented before Second World Power Conference 
Berlin, Germany, June, 1930), Electrical World, June 28, 1930 
p. 1343. 

“Economical Load Allocations,’’ by Herbert Estrada, Electrica 
World, October 11, 1930, p. 685. 

“Determining Tie Line Losses,”’ by H. Estrada and H. A 
Dryar, Electrical World, October 24, 1931, p. 745. 

“How Load May Be Allocated for Best Station Economy 
by H. Estrada and John Finlaw, Electrical World, May 12, 1934 
p. 684. 

“Combined Reliability and Economy in the Operation 0 
Philadelphia Electric Company System,’’ by J. W. Anderson ant 
Herbert Estrada, Trans. A.I.E.E., vol. 51, December, 1932, p. 872 

“Scheduling Units for Maximum Over-All Economy,” by C.¢ 
Baltzly, Electrical World, March 4, 1933, p. 284. 


Discussion 


AtBion Davis. Under the heading “Regulation of Fr 
quency,” the authors state: ‘A frequency curve appears to hav 
several components: A rapid, periodic variation of approximate! 
0.005 cycle of an approximate period of 2 see; variations of af 
proximately 0.05 cycle having a semblance of a periodicity of # 
sec; variations of 0.1. cycle or more from standard frequen! 
that are irregular in occurrence.” 

The variations of 0.05 cycle are referred to as a “system cha’ 
acteristic.” It is stated that these variations are continuous a 
follow the trend of the frequency curve. The periodic variatit! 
of 0.05 cycle is ascribed “to the change in the fringe of the lo 
curve, which marks the great diversification in the use of app! 
ances, lighting, motors, etc., throughout the day.” Such regul 
tion is considered by the authors as inherent in the operation 
system or a group of systems, a self-regulating characteristic. 

The writer believes that tests of the response of governors’ 
these 0.05-cycle speed swings will disclose the fact that most 
the governors are following these speed changes, picking up *” 
dropping load on the swings, but not exactly in synchronism“ 
the speed. It is believed that many governors will show a 


5 Chief Hydraulic Engineer, Union Electric Company of Miss0u” 
St. Louis, Mo. 
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siderable time lag on the reversals of speed and, because of the 
time lag, will register considerable overtravel. Tests will prob- 
ably show that the composite effect of overtravel of all governors 
is the underlying cause of the regular system hunting action, 
rather than the characteristics of the load. 

It is for this reason the writer has urged that more systems 
get the necessary instruments to measure governor performance 
and find out, not only what individual governors are doing, but 
also what different governing combinations are doing to system 
speed. 


R. W. McLauauuin.* An interesting point brought out in 


this paper is that in a typical large power system a 2'/: per cent 


load change will cause a 1 per cent frequency change if the gover- 
nors do not function at all to counteract the change in speed. In 
other words, the system regulation with no governor action is 
equivalent to 40 per cent for 100 per cent load change. Of course, 
the term ‘‘regulation’’ as used here means the average regulation 
existing for a relatively small load change and, as used further in 


this discussion in order to make it possible to refer to regulation 


as being constant for any given machine, the fact that the regula- 
tion at various loads is considerably affected by valve design and 
valve-opening point is disregarded. Furthermore, in order 
greatly to simplify the discussion and assume a simple straight- 
line relationship between speed changes and load changes, we 
will not attempt to include the effect of lag caused by lack of 
sensitivity, which is in itself a variable for different loads on any 
given machine. 

One of the most prevalent causes of complete lack of governor 
response to speed change of a few per cent is the increasing use of 
load-limiting devices. Under normal operating conditions, load 
limiters are set to allow the machines to carry a small margin 
of load above that which they are scheduled to carry, and gover- 
nors are allowed to function normally. In case of a heavy rapid 
load increase on a system, it is possible that for varying time in- 
tervals the load limiters on several machines in a system may be 


| holding the admission valves at a fixed position, preventing the 
| governors from helping to control the frequency of the system. 


Thus, when a load-limiting device takes control away from a speed 


| governor, the apparent regulation of the turbine immediately 
_ jumps to 40 per cent, based upon the load that the machine is 


carrying and, if the load limiter is set at 80 per cent of the ca- 
pacity of the machine, the regulation referred to full capacity of 


| the machine immediately becomes 50 per cent, as compared to a 


probable regulation of between 4 and 8 per cent when operating 
on the speed governor. Therefore, when a load limiter comes 
into effect, the apparent regulation of the machine immediately 
becomes so broad that it will have but slight influence on the 
frequency of the system, although a change in frequency will cause 


4 slight change in load on the machine operating at its limit. 


The foregoing comments indicate that, although a load-limiting 
device may be of distinct advantage with respect to the operation 
of the boilers, it has an adverse effect upon the instantaneous 
regulation or frequency control of the system as a whole. 

In order to calculate the average regulation for a power system 
with respect to gradual changes in load, assuming that the capac- 
ity and regulation of each machine serving the system are known, 
the following simple equation is useful 


A+B+C+.... 


R, R, R, 


Average regulation = 


inwhich A, B, C, ete., are the rated capacities of the machines in 


p, rurbine Engineering Department, Elliott Company, Jeannette, 
a, 
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operation, while R, is the regulation for the turbine of capacity 
A, R, is the regulation for the turbine of capacity B, etc. It may 
be noted that the denominator is equal to the total load change 
equivalent to 1 per cent speed change, while the numerator is the 
total rated capacity of the machines in service, and not the total 
load being generated. While the actual regulation at any given 
load varies somewhat from the average, the variation in regula- 
tion for different valve openings on modern multivalve machines 
is not of sufficient magnitude to be of particular importance. 

Although some progress has been made in an attempt to mini- 
mize the importance of good speed regulation by the use of auto- 
matic frequency-controlling equipment, the continued importance 
of regulation is manifest by recent discussions between representa- 
tives of power companies and turbine manufacturers regarding 
the advisability of building governors with an arrangement 
whereby the regulation can be adjusted between certain specified 
limits while the machine is carrying load. While many of these 
devices have been built, the value of such a device depends upon 
whether the station operators are able to use it to its best ad- 
vantage. It appears that the principal advantage of having 
variable regulation control is that the operators can vary the 
regulation of any machine in operation until they find the regula- 
tion which apparently gives the best average result. There- 
after, it is doubtful whether the bother of making frequent ad- 
justments to this device will be justified by any real improvement 
in operation. ‘ 


F. OpPpENHEIMER.” At recent technical meetings, there has 
been frequent reference to designing and operating governors 
with speed droops at or near zero. This is, no doubt, due to a 
recognition of the fact that existing governors are on the whole 
operating at such high speed droops that poor frequency regula- 
tion results, which in turn adds to the difficulty of load and tie- 
line control. 

The writer has pointed out the practicability of reducing im- 
mediately the general level of speed droop on a system step by 
step, unit by unit, a method which minimizes the risk of insta- 
bility and mechanical difficulties. Power systems would thus take 
advantage of available, if limited, characteristics of existing 
governors without waiting for the possible remodeling which 
might be feasible, or waiting until older machines have been re- 
tired and replaced by modern governors, such as have been de- 
scribed. From certain tests made (for another purpose) on the 
interconnected system described by the authors, the writer has 
figured that for the whole interconnected system the speed droop 
is about 11.5 per cent (excluding hydro plants). This figure was 
obtained as follows. The total capacity of the interconnected 
system was 2,400,000 kw; Conowingo decreased its output 200,- 
000 kw which caused the system frequency to decrease 0.53 cycle. 
The Holtwood governors picked up 13,000 kw on 61,000 kw 
capacity, Safe Harbor 30,000 kw on 96,000 kw capacity. Taking 
these three plants out of the computation gives 


157,000 = 


60.00 11.48 per cent 


This is radically different from the speed droop attained by the 
governor described by Dr. White or the system described by 
Mr. Holden which dealt with droops of 0.02 per cent and about 
0.5 per cent, respectively. It is obvious that the desire of steam 
engineers for large speed droop has been attained and with ad- 
vantages in the way of steam economy and ease of operation of 
the steam plant. However, it is hardly necessary to point out 
that if the speed droop of all the units on a system is reduced 
proportionally, the load swings will divide as before but there will 


7 Pennsylvania Water & Power Company, Baltimore, Md. 
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be an improvement in system frequency. Also the frequency 
change of 0.1 cycle for each change in generation of 10,000 kw 
described in this paper will become proportionally less, and prob- 
ably so small that an operator could make changes of 10,000 kw 
in generation with almost inappreciable effect on the frequency. 
This means he could correct tie-line loading without having to be 
concerned with its effect on frequency (except for large changes) . 
This would be a great step forward in the operation of intercon- 
nected systems. 


W. E. Puuiturps.’ Increasing the governor sensitivity, as 
stated in the paper, and decreasing the governor droop as brought 
out in the discussion, will undoubtedly improve the system fre- 
quency. This is a much desired objective. However, when all 
stations in an interconnected group are responding directly to 
frequency, it will cause greater swings in the interconnecting tie 
lines. 

If we assume that the load comes on in the area of only one of 
the interconnecting companies, all stations will respond since 
there will be a drop in frequency. When the company in whose 
area the load comes on adjusts its generation to meet this new 
demand, it will be necessary for the other interconnecting com- 
panies to change their generation back to the value which existed 
before the change. 

One generally accepted method of regulating an interconnec- 
tion is to assign the control of the frequency to a centrally located 
company and to let the other interconnecting companies hold 
the tie lines toward the frequency-controlling station. If it were 
possible to make instantaneous changes in generation so that the 
tie line could be held absolutely constant, then the problem of 
the frequency-controlling station would be relatively simple, since 
generation changes would be required by it only to take care of 
load changes in its area. In actual practice, generation changes 
cannot be made instantaneously, consequently the tie lines swing 
and the load changes in the other areas are reflected in the fre- 
quency, the frequency-controlling or master station responding 
to them. This puts an added burden on the frequency-control- 
ling station. 

If, when the frequency deviates, all the interconnecting tie 
lines are made to deviate a small amount in a direction to help 
the frequency, then the burden of the master station is much less 
and the frequency is improved, since all stations are helping to 
control it. As the frequency returns to normal, all tie lines re- 
turn to their normal scheduled load. The amount which any tie 
line deviates is definitely fixed for any given frequency deviation. 

It may appear that the contribution made to frequency is 
essentially the same as that made when the governor sensitivity 
and droop are adjusted as indicated previously. However, the 
essential difference is that the amount contributed is not de- 
pendent upon where the units are operating on the speed-droop 
curve, Fig. 15 of the paper, or upon possible variations in governor 
sensitivity. The amount of contribution is definitely under con- 
trol of the dispatcher. Thus the contributions of the intercon- 
necting companies can be readily coordinated. . 


AvuTuHors’ CLOSURE 


It is possible, in some cases, that the overtravel of governors 
may be responsible for a system hunting action that causes speed 
changes. However, a large number of tests that were made on 
the interconnected group of systems, of which the Philadelphia 
Electric Company is one, has indicated that governors frequently 
fail to respond to speed changes of as much as one-tenth cycle. 
It is apparent where the governor response is absent, that the 
speed changes are a result of changes in load. 

8 Engineering Department, Leeds & Northrup Company, Phila- 
delphia, Pa. 
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Where these load changes are greater, and on the Philadelphia 
Electric system load swings of 50,000 kw are relatively frequent, 
governor response is more consistent. If there were overtravel 
of the governors in such cases the frequency would be extremely 
erratic, which is not the case. 

Furthermore, the self-regulating characteristic of the systems, 
evidenced frequently for periods of several hours at a time, is 
difficult to reconcile with erratic governor action. 

The following mathematical calculation indicates that the 
variations in frequency of approximately 0.05 cycle are due to 
changes in load demand. Let Al = small instantaneous decrease 
in load demand; f, = normal system frequency; f = system 
frequency at any instant; and L, = system load. Then, the 
stored kinetic energy in system = W/f?, where W is a constant. 

Fig. 8 of the paper shows that for small sustained changes in 
load the frequency varies '/. per cent for a load change of approvxi- 
mately 0.4 per cent. This indicates that the change in load 
demand in per cent is a little over twice the per cent change in 
frequency. The change in load demand due to frequency change 
= 2L,(f — f.)/f,. approximately. 

The small instantaneous decrease in load demand Al results 
in an excess power input which is available for accelerating 
the system until the frequency changes sufficiently to absorb the 
excess power input. At any instant, Al equals instantaneous 
power input for accelerating the system plus the increase in load 


demand due to increase in frequency. That is 
ow 
M = wf 2L, 
| 
= 2W [2 
f dt 


For small changes in frequency f, may be substituted for f in 
2Wf(df/dt), or approximately 


— Je) 


df 
Al = 2Wf, — 
Te 
and 


L, dt 


The solution for this differential equation is 


1A 
9 


where 7’ = Wf,?/L, kwsec per kw; 7’ is the time constant in thi 
equation and is equal to the stored kinetic energy in the system s! 
normal frequency (Wf,?) per kilowatt of load. The approximate 
value of 7’ for our systetn is 7 kwsec per kw, or 7 sec. In accord: 
ance with Equation [5], the change in frequency reaches about 63 
per cent of the final sustained change in 7 sec. Portions of the 
curve in Fig. 10 of the paper have been reproduced on a larg 
scale in Fig. 16. Section A refers to the last few seconds of the 
first-minute period, section B to the portion of the curve at |’. 
min, and section C to 3!/2 min. 

The exponential curve, Equation [5], was fitted to each portiol 
of the system-frequency curve by measuring the frequen! 
change at an interval of 7 sec after the beginning of the changt 
This increment is approximately 63 per cent of the total frequen! 
change due to changed load demand. For example, consicerité 
section A, the values in Table 1 were obtained. 

In this case the agreement was good during the first 8 see of tht 
change showing that the change was due to the inherent «har 
teristics of the system rather than governor overtravel. 1) 
other two sections reproduced also show good agreement. 
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TIME , SECONDS 
hie. 16 HigH-Speep FREQUENCY CHART OBTAINED ON THE PHILADELPHIA ELECTRIC COMPANY'S SYSTEM 


R. W. McLaughlin refers to the statements regarding the 
speed characteristic of the interconnected group of systems, of 
which the Philadelphia Electric Company is one. This charac- 
teristic is also evidenced in those instances of system trouble 
where there is a considerable deficit of generating capacity with 
respect to the normal system load. 

Regarding the assertion that the paper has disregarded the fact 


that the regulation at various loads is affected considerably by 
_ valve design and valve-opening points, such effect was considered 


at some length in the body of the paper, and in the conclusions. 


' In addition, Fig. 15 shows the variations in the instantaneous 
_ speed regulation throughout the load range of the unit. 


TABLE 1 VALUES OBTAINED BY FITTING THE EXPONENTIAL 
CURVE TO SECTION A OF THE SYSTEM-FREQUENCY CURVE 
SHOWN IN FIG. 16 


t, sec 1—e~/T 
2 0.243 
4 0.436 
6 0.577 
8 0.680 
10 0.760 
12 0.821 
14 0.865 
16 0.899 
T = 7 kwsec per kw 
At 4 sec frequency, cycles.... = 60.054 
At 11 sec frequency, cycles.... . ......... = 59.968 
Frequency change, cycles.................. = 0.086 
Sustained change = 063 7 0.136 
Points on the exponential curve: 
At 2 sec, frequency change = 0.136 X 0.243 = 0.033 
At 48sec frequency change = 0.136 XK 0.436 = 0.059 


With regard to Mr. McLaughlin’s comments on load-limiting 
devices, these devices in our system have been necessary to protect 
“the boilers and also the turbines being supplied from these boilers 
in the event of a large change in frequency where the governor 


would normally cause the turbine to be loaded to its maximum 
capacity, which would be in excess of the available boiler capacity. 
However, where these devices are used as a stop on the maximum 
load which the turbine can carry, if the turbine is normally 
loaded at some point below this maximum load the governor 
should function in a normal manner for small changes in fre- 
quency, and it is only as a result of large decreases in frequency 
that the device becomes effective in limiting the load of the tur- 
bine. 

In Fig. 8 it is shown that for small changes in frequency up to 
approximately one tenth of a cycle the per cent load change is 
two and one-half times the resultant per cent frequency change. 
Fig. 8 also shows that for load changes in excess of 10 mw, the 
frequency changes at a much slower rate, showing that the gover- 
nors were responding when the apparent threshold of sensitivity 
of one-tenth cycle was exceeded. The fact that the governors 
respond for speed changes in excess of one-tenth cycle would 
indicate that load-limiting devices were not affecting the regula- 
tion. 

Referring to W. Ek. Phillips’ discussion, it may be said that 
whether governor sensitivity is increased proportionately 
throughout the interconnected group or remains as at present, 
the tie-line loading changes as a result of governor response 
should remain approximately the same. 

Load changes occur in all load areas. Assuming a load change 
in one area, however, as this company makes the necessary 
change in generation, increased governor sensitivity will tend to 
more consistent automatic correction of the loading of the units 
of other companies. 

Where the principles of interconnection operation as exempli- 
fied in the operation of such groups as that of the Pennsylvania- 
New Jersey interconnection are followed, tie-line loading, where 
the tie capacity is adequate, presents no problem. 
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Experiences in System Speed Regulation 


By OTTO HOLDEN,' TORONTO, ONTARIO, CANADA 


This paper describes operating conditions on four widely 
varying power systems. In one case, the means, adopted 
to reduce the wide variation in frequency of a small system 
serving two mines only, is discussed. The problems en- 
countered in larger systems serving mines, paper mills, 
grain elevators,and municipal requirements are dealt with, 
- concluding with the largest of the four, a system develop- 
_ ing 1,400,000 hp at peak load, fed from nine generating 
stations. One plant of the system is assigned to regulate 
speed, the others conforming under instructions from a 
load supervisor. Automatic frequency-regulating devices 
are applied to some units at one plant, manual control 
being necessary at all others. 


LLUSTRATIONS of normal operating experience with regard 
|. speed regulation in several of the systems of the Hydro- 
Electric Power Commission of Ontario, in which the results 
obtained vary greatly, are submitted in this paper. It is not 
intended to include details of the various phenomena or to offer 
- any solution for the problems raised, but they are submitted in 
the hope that the description of the conditions prevailing may 
prove of interest. The paper considers only speed regulation as 
_ indicated by system frequency as this is affected by speed-con- 
' trolling devices, inertia of rotating elements, and magnitude, 
diversity, and variation of loads. It does not deal with stability 
' of the system, that is to say, its behavior under transient ab- 
normal electrical conditions such, for example, as would be 
- caused by short circuits. 
The systems on which the regulation conditions are described 
' are of various sizes and characteristics, ranging from one of small 
_ size, with one generating station supplying two customers, to one 
having a load of approximately 1,400,000 hp, supplied by nine 
"or more generating stations with upward of 1500 miles of 110 
' to 220-kv transmission lines. 
In each case, the type of load carried by the system, the relative 
- magnitude of the sudden load changes, the generating and govern- 
ing equipment, and various other factors, all have their effect on 
» departure of system speed from its normal value. Comments on 
_ some of these factors will be found in the text. Sections of load 
| and frequency charts reproduced supplement these comments. 


St. Joserpx District 


The St. Joseph District, the smallest of the systems considered, 
consists of a generating station with two units installed. The 
_ head is normally 16 ft, and one unit consists of a four-runner 
horizontal open-flume turbine, with a capacity of 1380 hp, con- 
‘nected to a generator rated at 2000 kva at 164 rpm and 6600 
Vv. The other unit is a single-runner vertical propeller-type tur- 
bine of 1750 hp capacity, directly connected to a 1500-kva gen- 
erator operating at 128.5 rpm and 2300 v. 
| Acomposite regulating constant for the plant, derived by add- 
ng together the product of WR? and square of the speed for each 
| \nit and dividing by the sum of their horsepower ratings, is 


Hydraulic Engineer, Hydro-Electric Power Commission of 
Ontario. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, Philadelphia, Pa., December 4-8, 1939, of Tue 
American Socrery or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
the Society. 


8,860,000. These units feed through banks of 6600/22,000- and 
2300/22,000-v transformers to a 28-mile transmission line. The 
power supplies two gold-mining properties, after being stepped 
down at the local stations to 550 v. 

Each of the mines has relatively large air-compressor and 
hoisting capacity. It is the operation of this particular equip- 
ment which gives rise to the large changes in load, with conse- 
quent wide variations in power characteristics. As both of these 
customers have been constantly increasing their production, the 
plant is at all times loaded to, or near, its maximum generating 
capacity. 

When a relatively iarge increase in load occurs, due perhaps to 
the synchronizing of compressor operation and the starting of a 
hoist, the increased demand often exceeds the capacity of the 
plant. The speed of the unit is then reduced below normal, with 
consequent lowering of frequency, and a considerable period may 
ensue before normal speed is restored. Smaller changes in de- 
mand of, say, 25 per cent of the capacity of the plant are con- 
stantly occurring. The resultant frequency varies over a con- 
siderable range. The load and frequency charts shown in Fig. 1 
indicate the conditions which obtain. 

It is recognized that such régulation would not be suitable for 
other service but, owing to the fact that all the supply is used 
for mining operations, the conditions existing are more desired 
by the power customers than improvement at the cost of reduc- 
tion in demand, with consequent lessening of production, since 
the operation of a high-speed automatic voltage regulator main- 
tains voltage level within satisfactory limits. 

Characteristics of motors used in mining practice and methods 
of reducing the load swings have been investigated. Discussion 
of these factors with manufacturers and operators has led to the 
readjustment of the time delays on the contactors controlling 
the motors, with some improvement in speed variation. On new 
motors being installed in the system, greater attention is being 
paid to the proper setting of the time delays in some instances 
and, in one case, a motor generator set with flywheel is being 
installed in conjunction with d-c motors on the mine hoists. 


Loap CONDITIONS IN THE ABITIBI DistRICT 


In contrast to the foregoing are the conditions obtaining in 
the Abitibi District, a larger system, which also supplies, in the 
main, mining load. In this instance the generating station con- 
tains five units, the turbines being rated at 66,000 hp each, op- 
erating at 150 rpm under 237 ft head, and the regulating constant 
is 9,000,000. The turbines are supplied through 18-ft penstocks 
262 ft long. The present 20-min peak load carried by the plant 
is approximately 135,000 kw, most of which, with the exception 
of some 30,000 kw used for steam generation, is mining load. 

Transmission is at a normal potential of 110 kv. One large 
load of approximately 35,000 kw is located 250 miles from the 
generating station. Many loads of 2000 to 10,000 kw are con- 
nected. While the main load is derived from the operation of 
mines, a@ number of other important industries are also served. 
The ample generating capacity available, as well as the diversity 
in demand resulting from the large number of customers, particu- 
larly the large number of mines, results in power characteristics 
of the first order, which satisfactorily meet all requirements of 
service. 

One of the turbine governors is adjusted to have zero speed 
droop, and the others a droop of 0.6 per cent. Stable operation 
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Fie. Typrcat Loap AND FREQUENCY CHARTS; NIPIGON SysTEM 


(System load here is 80,000 to 90,000 kw, service being given to pulp and paper mills, grain elevators, municipalities, and mines.) 


and satisfactory distribution of load among units are obtained 
with this arrangement. An examination of the frequency chart 
Fig. 2 indicates very little drift from normal frequency, although 
the momentary variations are quite similar in percentage to those 
in the following cases described. 


CLosE SPEED REGULATION NECESSARY ON NIPIGON SYSTEM 


The Nipigon System provides an example where close speed 
regulation is necessary, but where difficulties in solution are in- 
troduced by the nature of certain of the loads. 

Power supply for this system is secured from two plants on 
the Nipigon River. The first of these, at Cameron Falls, contains 
six units, each with a rating of 12,500 hp at 120 rpm under a 
head of 72 ft. The other plant, about 1 mile downstream, known 
as the Alexander Power Development, contains three units with 
a rating of 18,000 hp at 100 rpm, under a head of 60 ft. Com- 
posite regulating constant derived for nine units is 8,500,000. 

The system peak has frequently exceeded the nominal rating of 
the power plants. The bulk of the power is transmitted at 110 
kv to the cities of Fort William and Port Arthur, approximately 
80 miles distant. Here, in addition to municipal and small in- 
dustrial loads, there are several newsprint mills requiring, for 
satisfactory operation, speed regulation of a high order. At this 
point also are located the terminal grain elevators through which 
much of the grain grown in western Canada passes. In addition, 
at times a considerable block of power is used for steam genera- 
tion, and the sudden fluctuation in this demand imposes addi- 
tional duty on the regulating equipment. Transmission lines 
also reach out 90 miles northeasterly from the power plants to 
important mining districts east of Lake Nipigon and near Long 
Lake, where twelve or more mines use from 250 to 2500 hp each. 
Here, the effect of rapid changes in demand, which characterize 
mining loads, are offset somewhat by the number of separate 
customers and the relation that the size of the individual load 
bears to the total system load. In many instances the system 
load approaches within a few per cent the maximum capacity of 
the generating units. Under these conditions system speed is 
maintained within very narrow limits. Typical load and fre- 
quency charts are shown in Fig. 3. 


NIAGARA SyYsTEM REQUIREMENTS 


Turning now to the largest system operated by the commission, 
the requirements to be met are of quite a different order; re- 
sults are commensurate with these requirements. The Com- 
mission’s Niagara System supplies power to the most populous 
part of Ontario, extending from Niagara Falls and Toronto on 
the east, to Windsor, Sarnia, and Goderich on the west, including 
180 municipalities, 87 rural power districts, and a number of large 
industries supplied directly by the commission. The system ex- 
tends beyond the easterly limits named, however, as a portion 
of its power supply is drawn from a power plant at Chats Falls 
on the Ottawa River, 200 miles east of Toronto, and from five 
others in the Province of Quebec, one of which is over 120 miles 
beyond Chats Falls. 

Three power plants at Niagara Falls, having a combined 
capacity of 830,000 hp in 36 units, varying from 11,700 to 58,000 
hp, supply the major part of the power for the system. The 
peak load in 1938 was approximately 1,400,000 hp, portions of 
which, however, are segregated from each other. The following 
comments apply to one portion of the system tied together elec- 
trically and having a peak load of about 800,000 hp. No value of 
the regulating constant is given for this condition, as power in 
large amounts enters the system from several power plants in the 
Province of Quebec, with varying numbers of units on this supply. 

In such a system there are, of course, many industrial plants 
where very close speed regulation is essential and, because of 
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Fie. 4 Typicat FrEQquENcY CHART; NIAGARA SYSTEM 


(The load for which this frequency chart applies amounts to 500,000 to 600,000 kw, the power being distributed over a large area to many municipalities and industries. 


For the period from ten to eleven o'clock, automatic frequency regulation was in use.) 
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the size of the connected load 
and the diversity in demand, 
the requirements in this re- 
gard are readily met. 

The system is of such size 
that variations in individual 
loads are of scarcely any mo- 
ment. Even the sudden loss 
of the generating capacity of 
one of the large units, through 
some fault in the unit itself, 
would scarcely be noticeable 
throughout the system. The 
enormous amount of kinetic 
energy in the remaining units 
would prevent any material 
change in speed for the few 
seconds while other units were 
increasing their outputs to 
compensate for the capacity 
lost in the unit which had 
dropped out of service. 

The problem in this case is 
one of sensitive and accurate 
governing to maintain at all 
times the normal frequency 
of the system. It has been 
the practice to assign speed 
regulation to one plant, other 
plants in the system increas- 
ing or decreasing their output 
in response to orders from the 
load supervisor located in a 
central office. Adjustment 
for minor variations in sys- 
tem load are automatically 
carried out by the govern- 
ing equipment in the plant 
which at that time is respon- 
sible for speed regulation. 
The operators in this plant 
are required to give constant 
attention to the maintenance 
of correct frequency. 

To improve the speed regu- 
lation further, devices to pro- 
vide automatic frequency 
regulation have been applied 
to certain of the governors 
in the Queenston plant on the 
Niagara River. This equip- 
ment was built by the coim- 
mission and is still in a state 
of development. A definite 
improvement has resulted 
from its use in the reduction 
of minor departures from the 
correct frequency, which 
otherwise would be unnoticed 
by the operator until the 
error had accumulated suffi- 
ciently to give an indication 
by comparison with whatever 
device is used to show con- 
stant frequency. It is signifi- 
cant that more nearly per- 
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fect uniformity of speed was experienced in operation of the 
coelostat controlling the telescope at the David Dunlop Obser- 
vatory, north of Toronto, whenever automatic frequency con- 
trol at Queenston replaced the manual control at other plants. 


Loap DIstTRIBUTION 


Procedure in distributing load among the plants supplying 
power to the system may be of interest at this point. As pre- 
viously stated, power enters the system at the eastern boundary 
of the Province from five power plants in the Province of Quebec 
and from the Chats Falls plant on the Ottawa River. It is trans- 
mitted thence more than 200 miles at 220 kv to the Leaside Trans- 
former Station at Toronto. Connection is made here to the 110- 
kv system extending outward from generating stations at Niagara 
Falls. There is no distribution of energy from the system be- 
tween the eastern power sources and the Leaside Transformer 
Station. Apportionment of load among plants is determined by 
the load supervisor at Niagara Falls, who assigns to each plant 
the load that is to be carried at standard frequency, the amount 
carried by each plant being varied from time to time to suit the 
system-load curve, and various other circumstances. 

In the portion of the system under consideration, two or three 
units at the Queenston plant may be in use, these usually being 
equipped with automatic frequency control. Operators at the 
eastern plants pick up the load assigned to their plant on instruc- 
tions from the load supervisor, the load governors being set for 
the desired load at standard frequency. As normal variations in 
load in accordance with the daily load curve take place, all vari- 
ations in output will take place on the regulated units at the 
Queenston plant connected in the system. As their maximum 
or minimum capacity is approached, as the case may be, suitable 
blocks of power are picked up or dropped by the eastern plants 
on instructions from the load supervisor. 

Temporary disturbance in the system may cause the frequency 
to depart from normal. In such case, the load carried on eae! 
of the eastern plants may depart from that assigned by the load 
supervisor, but the operators at these plants are instructed t 
make no correction for changes in load caused by such temporary 
frequency departures. Restoration of system frequency will o! 
course be made after the disturbance, but this is done by adjust- 
ments at the one plant then responsible for speed control 
Usually, restoration of frequency redistributes the loads on the 
eastern plants to the amounts originally assigned by the load 
supervisor without action on the part of the local operators. 

If disturbances in the system are of considerable moment, at- 
tomatic frequency-regulating devices are disconnected automat: 
cally, and restoration of normal frequency accomplished manually 

At times, speed regulation is assigned to the Chats Falls plant 
on the Ottawa River, in which case manual control of frequenc! 
is necessary. The loads carried by other plants, including the 
Queenston plant, are in accordance with the assignments of the 
load supervisor. Fig. 4 shows that automatic frequency contro 
is in use part of the time and manual control part of the time. 


SuMMARY 


The chart for the St. Joseph District illustrates a case wher 
variations in frequency go far beyond the permissible limits {0 
what is ordinarily known as satisfactory service. It accomplish 
what is desired, however—it enables the mines served to obtsil 
as great an output as possible from the available equipment. 

The frequency charts for the other three systems provide # 
interesting comparison. 
maintained, but certain peculiarities indigenous to the syste? 
are apparent in each instance. The character of the variatio™ 


from constant speed are indicative of the peculiarities of the v# | 


ous controlling factors. 


In all cases satisfactory regulation *— 
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' without some low-pressure boilers in service. 
duration with the high-pressure and low-pressure turbine units, 


| factory. 
without difficulty. 
_ out so that, as soon as conditions permit all low-pressure boilers 
> will be shut down. 


) units will be made by the switchboard operators. 
| of low-pressure load, the back pressure regulator will automati- 
» cally reduce the load on the high-pressure units but, in case load 
| islost on a high-pressure unit resulting in a reduction of low-pres- 


Two Years’ Experience With High- 


Temperature High-Pressure Stations 


The present review of operating experience with four 
typical high-temperature, high-pressure power-generating 
installations, among those originally presented in the 
“Power Panel Discussion’”’ of December, 1937, deals prin- 
cipally with problems which have developed and means 
adopted for their correction. Great improvement in de- 
sign has been accomplished and availability of both turbo- 
generator units and steam-generating units has increased 
materially. While in detail operating experience has 
varied largely, because of the variety of equipment in- 
volved, the composite picture presented of advance in the 
field of power generation, will serve admirably as a guide to 
designers of future equipment and to operators whose 
difficulties may paralleled those contained in this 
joint discussion. 


High-Temperature High-Pressure 
Superimposed Installations at 


Waterside Station’ 
By J. C. FALKNER,: NEW YORK, N. Y. 


HERE have been very few changes in operating proce- 

dures at the Waterside Station since the installation of the 
high-pressure units two years ago. Such changes as have oc- 
curred have dealt mainly with the method of make-up, the method 
of watching water levels, chemical feed, sampling of boiler water, 
and the taking of steam samples. 


Meruop oF OPERATION WitrHOUT Low-PRESSURE BOILER 


It has not been possible, due to load conditions, to operate 
A test of short 


running without low-pressure boilers, was made to check the 


| operation of the back pressure regulator on No. 4 turbine and to 
familiarize the operating personnel with the difficulties to be ex- 


pected when excessive swings occur. The tests proved very satis- 
Loads were varied on both high- and low-pressure units 
An operating procedure has been worked 


The distribution of load between the high- and low-pressure 
In case of loss 


sure steam, the operator will reduce low-pressure load to a point 


> where the low-pressure steam is normal. 


Hicu-PressurRE TURBOGENERATOR UNITS 


| Blade Troubles, Fouling Sources, and Cleaning Methods. Tur- 


‘An Addendum to this paper appears on page 258 of this issue. 
3 Manager Production, Consolidated Edison Company of New 
York, Inc. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Annual 


p Meeting, Philadelphia, Pa., December 4-8, 1939, of THe AMERICAN 


ETY OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


| Understood as individual expressions of their authors, and not those 


of the Society. 


bine generator No. 4, a 50,000-kw Westinghouse unit, was re- 
moved from service shortly after it was placed in operation 
September 10, 1937, in order to permit that company to remove 
the two rows of impulse blades. There were a few cracks in the 
shroud on the first row of impulse blades but in neither row were 
there any blade failures. These blades were removed on the ad- 
vice of the company which had had trouble with other machines 
of similar design. With these blades out this machine operated 
without difficulty, except for a few shutdowns for inspection of 
the governor and bearings, until February, 1939. 

On February 10, the turbine was taken out of service to ex- 
amine bearings. Upon examination it was found that the bearing 
in the head end of the high-pressure turbine and the bearing near 
the flexible coupling between the main and feed-heating turbines 
showed cracking which necessitated their being rebabbitted at 
the Westinghouse Company’s shop. When these bearings were 
replaced, the original shim positions were slightly changed. 

In March, 1939, the unit was opened due to a rub being heard 
while the machine was being taken off the line. It was found 
that the coupling on the main-turbine side of the stub shaft be- 
tween the main and feed-heating turbines had broken. The 
collar of the thrust bearing for the main unit is located on this 
stub shaft. The breaking of the coupling made the thrust bear- 
ing ineffective for the main unit and the spindle moved so that the 
high-pressure dummies rubbed and seized. One broken blade 
was found in the tenth stage and three pieces of shroud bands 
were found missing in the same row. The fact that the rotating 
parts of the high-pressure seal were integral with the spindle 
necessitated a complete new spindle for this unit. There is a 
difference of opinion as to the cause of the breaking of the cou- 
pling and as to whether the coupling broke before the rub ap- 
peared in the high-pressure dummies. The author is of the opinion 
that the coupling broke first, as there had been a slight change 
in alignment when the rebabbitted bearings were installed. 

The new spindle with new blades, new dummies, and a new de- 
sign of stub shaft coupling was installed in June, 1939, and the 
machine has run very satisfactorily since this change with the one 
exception of the governor which still has a hunting characteristic. 
This fact has necessitated the use of the load-limiting governor 
which has worked satisfactorily to date. 

Until January, 1939, there was practically no evidence of blade 
fouling on either of the two high-pressure turbines. 

Beginning in January, 1939, there was a capacity loss on the 
General Electric No. 5 turbine from 42,000 to 36,000 kw, taking 
place gradually over a 3-month period. The turbine was then 
taken off the line and allowed to cool for 12 hr, after which it was 
washed out with low-pressure steam from one of the boilers, with- 
out any water being admitted for desuperheating. This method 
of cleaning did not prove effective and on March 20 the machine 
was again taken out after provisions had been made to admit 
water with the steam. The washing lasted for a period of from 
6 to 8 hr with a steam pressure of 15 to 20 lb per sq in., which was 
sufficient to turn the turbine. The steam temperature was 215 
to 220 F. This method of cleaning proved satisfactory and the 
load on the turbine was increased to 42,000 kw. Ten days later 
the turbine again showed signs of fouling and it was again neces- 
sary to wash the turbine on June 10. After the third washing, 
the load was again brought back to 42,000 kw from 38,000 to 
which it had dropped. 
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No. 4 Westinghouse unit showed no sign of fouling when it was 
opened in March. It was first thought that the fouling of No. 5 
General Electric unit was caused by the eliminator screens in the 
5A and 5B boilers being plugged, thus allowing the solids to go 
out with the steam. Checks showed that the carry-over was 
less than 0.3 ppm which was as low as could be measured. A 
different method of blowing down the boilers has practically 
eliminated the fouling which proved that it is necessary to wash 
out lower waterwall headers and mud drums, while the boiler is 
off the line at intervals of not over two weeks. 

Vibration Problems. On No. 4 unit there was a double fre- 
quency vibration on the generator end which was caused by the 
two-pole field of the generator. This trouble was eliminated 
when the machine went back into service as the field has been pro- 
vided with slots to compensate for the lack of pull on the sides 90 
deg from the field coils. No vibration has been experienced on 
either of the high-pressure turbines. 

Protection Against Overheating With Loss of Load. There is a 
by-pass connection around the throttle valve of No. 4 unit which 
will pass a quantity of steam sufficient to keep the blades par- 
tially cool in case the throttle valve is closed and the generator is 
on the line operating as a motor. A steam gage in the high-ten- 
sion control room gives indication to the switchboard operator of 
loss of steam at the boilers and, in case a throttle valve trips and 
the load starts down on the unit, the operator will trip out the 
generator in either case when the load has dropped to 2000 kw 
thus protecting the turbine rotor against overheating. 

Consumption of Hydrogen. The Westinghouse unit uses an 
average of 10* cu ft of hydrogen per day, and the General Electric 
unit uses an average of 30 cu ft. There has been no trouble due 
to the use of hydrogen in either machine. The hydrogen was not 
used in the Westinghouse generator until July, 1939. A load of 
45,000 kw at 0.9 power factor could be carried on this generator 
using air as a cooling medium. 

Methods of Starting and Stopping High-Pressure Units. Both 
high-pressure units are started up integrally with the boilers; that 
is, as soon as there is a pressure of 200 Ib in one of the boilers, the 
turbine is gradually brought up to 200 rpm, where it is held for 
approximately 1 hr. The exhaust from the turbine is used in 
the station auxiliary steam line at 5 lb back pressure. The pres- 
sure is then brought up and, when it reaches 600 lb, the exhaust 
steam is cut into the 200-lb header. From this point, 1 hr is al- 
lowed to bring the machine up to full speed. 

In stopping the unit, no special precautions are taken other 
than those used on any low-pressure unit, with the exception, 
however, that the machine is kept on the turning gear for a pe- 
riod of time varying from 24 to 48 hr when stopping the Westing- 
house machine and 24 hr for the General Electric machine. 

Rise in Exhaust Temperature During Shutdown. There is a 
rise in the exhaust-casing temperature immediately after shut- 
down up to 670 F. This temperature has caused no trouble to 
date. 


Both sets of boilers for Nos. 4 and 5A units have operated suc- 
cessfully at 1300 lb and 450,000 lb of steam output, but to date it 
has not been possible to operate at the rated load of 500,000 Ib 
per hr, without dissociation of water due to hot tubes in the top 
boiler-header sections or excessive carry-over. 

Changes in baffle and washer designs in the drums have been 
made and it is expected that in a short time the guaranteed out- 
put will be obtained. 

Trouble with refractory at the burner has been experienced and 
new carborundum blocks and refractory are now being tried out. 

No trouble with slag-screen tubes has been experienced to date. 


3 This system has been in operation for only a very short time. 
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The chrome ore over the slag-screen tubes has to be replaced 
every time the boiler comes off for cleaning. 

Steam-Temperature Control. The temperature of the steam is 
900 F and is controlled with a flue-gas by-pass around the super- 
heater. This control has worked satisfactorily and it has been 
possible to maintain the desired temperature over all ranges of 
load. The outlet temperature of the exhaust steam leaving the 
turbine governs the steam temperature entering the turbine as the 
low-pressure units now installed in Waterside Station are not 
built to use steam at a temperature much over 525 F. 

Influence of Ash Composition and Fluid Temperature on Cleaning 
Problems and Capacity. The ash composition and the fluid tem- 
perature have a great influence on the cleaning problems of the 
high-pressure boilers. Coal that has an initial ash-deformation 
temperature of not less than 2200 F has been determined upon 
after 2 yr of operation. At present, the cleaning of boilers is 
done by hand lancing and by taking the boiler off the line fora 
few hours, about twice a week, thus allowing the slag formation 
on the tubes and side walls to cool and fall off. 

An experiment on the problem of cleaning the side walls of the 
high-pressure boilers by the use of a hand lance of special design, 
which has been used successfully at the East River Station for 
many years, is now being conducted. Also a nozzle to use water 
on the steam-generating tubes is being made up for trial. 

Three men per watch of 8 hr each are continuously occupied in 
keeping slag off the boiler and superheater tubes. Soot blowers 
are used on the economizer tubes with good results. 

Experience With Lighting Devices. Illuminating gas from the 
street mains is used in bringing the boilers up to pressure and also 
to ignite the pulverized fuel. A period of 5 to 6 hr is taken to 
bring the boiler up from cold. The gas is ignited by an electrical 
“glow bar’ which is located directly in the path of the gas. The 
glow bars have burned out quite frequently, but as there are four 
burners per boiler, no trouble whatsoever has been experienced 
with the ignition of the coal. The induced-draft fans are always 
in operation before the gas is turned on the boiler. 

Performance of Mills, Power Consumption, Life of Parts, and 
Sensitivity to Various Coals. The performance of the mills has 
been uniformly good. They give a fineness of 80 per cent throug) 
200 mesh, 96 per cent through 100 mesh, and 99 per cent throug) 
60 mesh. The mills run very quietly, and very little trouble has 
been experienced outside of the replacement of mill rollers after 
their normal expected life. The average life of the rollers is 85- 
000 tons; scrapers, 18,000 tons; and bull rings 85,000 tons 
Only two grades of coal have been used on these mills, namely, 
Coleman “‘Colver” and Weaver “Revloc.’”’ As these two coal 
are the only coals used, the data on the sensitivity are rathe 
limited. 

Flame Stability at Varying Loads. The flame stability has beet 
satisfactory at all loads above one third of the rated capacity 
the boiler. A pulsation in the furnace has been experienced, tl 
cause of which the boiler manufacturer is attempting to ascerta 
A new primary fan inlet is being tried out as tests show that tht 
initial pulsation starts at that point. 

Feedwater Treatment, Boiler Concentration, and Internal Clean 
ness. The Hall treatment is used in these boilers and consi 
of the following chemicals: ; 

An average of 86 lb of disodium crystallized phosphate is u* 
per 24-hr day for two boilers. 

An average of 21 lb of sodium hydroxide is used per 24-hr &! 
for two boilers. 

The phosphate is introduced directly in the boiler drum 
means of high-pressure pumps, while the sodium hydroxide * 
added by gravity to the boiler feed between the deaerator and 
boiler-feed-pump suction. 

Samples of boiler water are taken three times per day and 8* 
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lyzed for sodium hydroxide, sodium chloride, and sodium phos- 
phate. 

The boiler concentration is held at 450 to 500 ppm, but it is 
thought that by the use of boiler-drum baffles, which have now 
been installed, the boiler concentration can be carried as high as 
800 ppm without excessive carry-over. Small amounts of scale 
were found in the boiler tubes, while the drum was free from 
scale, and very little deposit was found on the side-wall tubes. 

Experience With Loss of Feedwater. There have been several 
cases where the lack of feedwater has necessitated the shutting 
down of the high-pressure boilers. On two occasions, the side 
waterwall of one boiler ruptured, and as the feed lines for both 
boilers for one unit come off the same header, the pressure 
dropped, thereby necessitating the immediate removal of the 
other boiler from the line. Another shutdown of the boiler due 
to the loss of feedwater occurred when the automatic valve, con- 
trolling the feedwater level in the drum stuck, and the water 
tender, while endeavoring to put the valve on hand operation, 
jammed the valve in such a manner that the valve closed, and 
the boiler had to be taken off the line. No shutdowns due to loss 
of feedwater to the boiler feed pumps have occurred. 

Control, Availability, and Maintenance of Boiler Feed Pumps. 
Four of the six boiler feed pumps now in use at Waterside are 
motor-driven; the remaining two being driven by steam turbines. 
The two steam-driven pumps are so designed that they can be 
brought up to speed almost instantaneously. The motor- 
driven pumps are driven by constant-speed motors. The boiler 
feed pressure drop is taken across the boiler feed valve, there be- 
ing no excess pressure valves used. 

The availability of the Worthington boiler feed pumps has 
been 97.6 per cent. There has been practically no maintenance 
on these pumps other than the normal packing of the glands. 

One of the difficulties experienced with steam-driven pumps 
has been the leakoff valve from the outlet header to the suction 
header, which failed on several occasions. The trouble was 
caused by an excessive drop across the valve and this was finally 
overcome by putting two valves in series with a pipe made with 
labyrinth orifices in it, in order to help in building up a resistance 
to the water flowing through the valves. The pump manufac- 
turers asked that the steam-driven boiler feed pump always be 
operated with the by-pass valve partly cracked so as to permit 


_ some water to pass through the pump at all times. 


HEATERS 
Means of Preventing Condensation During Starting on Light-Load 


| Operation. There has been no means of preventing condensation 
' in the air preheaters during the starting up of boilers or while 
_ operating at light loads, and this has caused considerable fouling 
_ of the air preheaters with the consequent loss of boiler capacity 
_ until the air preheaters were cleaned or washed. Due to load 
_ conditions one of the four boilers had to be taken off every night. 


An experiment was tried using a movable air jet, which blew 
down from the air-inlet side of the air heater. The nozzle was so 


| adjusted that it would move in and out so that all parts of the 
) surface were blown every 2 or 3 hr. Compressed air at 125 Ib 

| Pressure was used for this blowing. Steam-jet soot blowers 
| originally installed with the air preheaters operated partially 
satisfactorily. A by-pass around the air preheaters has been in- 
» stalled on Nos. 4A and 4B boilers and, if it proves successful, a 
_ Similar by-pass will be installed on Nos. 5A and 5B boilers. 


Methods of Cleaning. The most successful method of cleaning 


| ‘ir preheaters is by washing them with boiler feedwater which 
} Wually restores the draft drop through the air preheaters to its 
Mginal figure. 


Effect of Fouling on Capacity and Economy. Several times 
during the life of the boilers, it has been necessary to reduce the 
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capacity of the boilers due to the lack of secondary air, because of 
the dirtiness of the air preheaters. When this condition occurs it 
is necessary to take the boiler off the line at the earliest oppor- 
tunity and wash the air preheaters. 


DEAERATORS 


Effectiveness of Deaeration, Steam-, and Water-Flow Control. 
It has been found that, when the steam pressure in the deaerator 
is kept above 2'/, lb, the deaerator will give almost 100 per cent 
deaeration. If, however, the steam pressure is allowed to vary 
for any reason, there will be a certain amount of oxygen fed into 
the boiler. 

The steam to the deaerator is controlled by a regulating valve 
at the feed-heating tubine. The operation of this valve has been 
investigated and it was found that there is an intermittent flow 
of steam from the feed-heating turbine to the deaerator with this 
type of control. A new control valve will be installed at the de- 
aerator to insure sufficient steam at all times for complete deaera- 
tion. 

The water flow to the deaerator is controlled by a float valve 
which is actuated by the water level in the deaerator. Some 
trouble has been experienced in maintaining the water level in 
No. 4 deaerator, while no trouble has been experienced on No. 5. 
A new control valve, the same as on No. 5, will be installed at an 
early date. 

Condenser-Hot Well Deaeration. The feedwater is deaerated in 
the condensers of the low-pressure turbines before being sent to 
the deaerators of the high-pressure units, but there is equipment 
through which some air may come in contact with the feedwater; 
such as leakage through the packing of the hot well pump, etc., 
which necessitates the use of a deaerator. 

Deaeration of Make-Up Water. The deaeration of make-up 
water takes place in the condensers of the low-pressure units, and 
the make-up water comes over mixed with the condensate from 
the unit to which it was admitted. 

Since the installation of the high-pressure units in Waterside, 
it has not been possible, due to load conditions, to cut out the 
low-pressure boilers. The supply of all make-up water needed 
in the station is fed to the low-pressure boilers, so that the high- 
pressure boilers have 100 per cent condensate. 

Effect of Filling Idle Boilers on Deaerator Performance. On 


TABLE 1 PERFORMANCE OF HIGH-PRESSURE INSTALLATION 


AT WATERSIDE STATION 


High-pressure turbine generators 
Unit No. 4 Unit No. 5 


De Sept. 10, 1937 June 29, 1938 
325 000 258 000 


Kilowatthours generated................. ,909, 
Maximum kw load on generator.......... 7 2 
Total available hours...................-. 12379.1 8980.3 
aes 16544.5 9536.8 
are factor (ratio of available hours 

to period hours), per cent.............. 74.8 94.2 
Use factor (ratio of average load for service 

period to rated capacity), per cent...... 54.0 59.1 
be om | factor (ratio of average load for 

period to rated capacity), per cent...... 37.2 51.1 

High-pressure boilers 
No. 4A No. 4B No. 5A No. 5B 
boiler boiler boiler boiler 
Date in commission......... Sept. 10, Sept. 10, June29, July 25, 
I 1937 1937 1938 1938 
Maximum steaming rate for 1 

Gerwiee 9914.7 10546.8 6788.8 7292.6 
SE 905.7 902.9 760.7 400. 
Total available hours........ 10820.4 11449.7 7549.5 7693.5 
5724.1 5094.8 1987.3 1218.0 
16544.5 16544.5 9536.8 8911.5 
Availability factor (ratio of 

available hours to period 

65.4 69.2 79.2 86.3 


® Hours available but not in operation due to conflicting outage of depend- 
ent equipment. 
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several occasions an idle high-pressure boiler was filled too fast DErTAILs OF INSTALLATION 
and thereby drained the deaerator to such a point that make-up In brief, the installation consists of a 30,000-kw 1200-lb per a 
had to be put into the deaerator from the city water connection, sq in. 900-F turbine generator, supplied with steam by two 375, 
thus adding to the work imposed upon the deaerator, with a re- Q00-Ib per hr boilers. All auxiliaries are electrically driven ex- 
sulting decrease in deaerator efficiency. The boiler operators cept boiler feed pumps. Turbines for these three pumps take 
are cautioned against filling the boilers too rapidly, and also steam from the high-pressure header and exhaust to the low. 
against a too rapid heating of boiler tube and drum surfaces. pressure header in parallel with the topping turbine. The ca- 
pacity of this topping installation was so chosen that the ex. 
eather haust would supply the steam demand of two 25-cycle horizontal 
All of our heaters are of the vertical type with a floating head. ynits. This combination forms in effect a flexible and efficient 
Tube Materials, Cleanliness, and Leakage. The only trouble  90,000-kw cross-compound unit. More detail of the equipment | 
experienced with cleanliness of the tube has been that of oilcom- jn the installation is contained in Table 1. Figs. 1 and 2 are, | 
ing from the exhaust steam, necessitating the washing of the respectively, cross-sectional views of the steam generators and ) 
tubes. turbine that are used in the topping installation, and Fig. 3 is a 
Some trouble has been experienced due to leakage of the heads flow diagram of the topping plant. 
of the heaters. Due to the location of these heads in the boiler Fig. 4 shows graphically the record of availability of each of the 
room, the work of removing leaking heads is very difficult. two high-pressure boilers and of the turbine generator, which ‘ 
There have been 43 tube failures in the No. 5 heaters and no tube together comprise the topping plant. The cause of each case of 1 
failure in the No. 4 heaters. As two heaters are operated in outage is briefly stated and those cases which may be considered : 
parallel, it is possible to take one heater out of service to make the _ as forced outages, due to conditions of the particular boiler or the 7 
necessary repairs without excessive drop in feedwater tempera- turbine generator, are specially indicated. ‘The monthly produc. 
tare. tion economy of the combined plant under the actual conditions E 
Table 1 gives the performance record of the two 53,000-kw _ prevailing in each month is also shown. A more detailed analy- 1 
topping turbines and the four high-pressure boilers at Waterside sis of the thermal performance appears in Table 2. It will be . 
Station, covering the period from the date of installation to July noted that the normal indicated production economy of the con: A 
31, 1939. bined plant will be approximately 12,800 Btu per net. kwhr. ? 
Some reduction in this figure is anticipated when certain conten- : 
plated alterations in the low-pressure system are completed 
Fisk Station Topping -Unit Operation The plant was originally designed for an actual performance o § f 
By A. E. GRUNERT,? CHICAGO, ILL. 12,500 Btu per kwhr and it is expected that this performance wil j 
eventually be attained. It should be noted in this connection H 
— FISK STATION high-pressure topping plant has at that the low-pressure equipment in this plant is of a rather old is 
this time completed nearly two years of operation. The type and design. 
first two months of its operation have been previously outlined.* 
That discussion was largely a disclosure of operating difficulti Tonsom-Garmnatos Ormnarsos 4 
argely pe g es 
which invariably reveal themselves with initial operation of new The turbine-generator unit itself had an availability factor 0 Pi 
developments of this nature and of defects in design which caused 89-7 per cent for the three months’ operation in 1937, 90.7 pee Mm 
these difficulties. cent for the year 1938, and 100 per cent for the first six months if - 
The Fisk Station topping unit was the first capacity addition 1939. The outage chart extends one month beyond this perioi F | 3 
to the Chicago system following several depression years during to August, 1939, and indicates the fact that at that time the top & . 
which no new generating equipment was installed. It naturally Ping Plant was out of service for scheduled inspection and over & 
followed that the basic trend at that time toward higher steam hauling. During the 22-month period covered by the chat | 9 
pressures and temperatures influenced design. The installation there were nine outage periods with but three attributable to th & Te 
is not particularly different in design when compared with those turbine itself. The two longest periods from July 24 to Augus & Ls 
contemporary to it but, being an early topping installation, it is 23) 1938, and July 6, 1939, through the remainder of the month Ce 
representative of development. The topping installation was WT for general inspection and overhauling. During both ¢ ” 
first put into service on October 8, 1937, by a plant personnel these periods repairs to spindle blading were necemary a= IN 
having no previous experience with this type of equipment. be explained subsequently. The generator, since installation, fa 
The period, following that covered in the previous discussion? 8 had a perfect availability record. ee z 
and extending to the present time, is one in which early operating Referring to the outage chart for the turbine, Fig. 4, the outst! Ca 
and design difficulties were largely overcome. In the following etween October 8 and October 13, 1937, was necessary for s¢ 
discussion an endeavor is made to log the various trials and tribu-  JUStment of a throttle-valve bushing and for minor adjustme: “ 
lations experienced in the course of this operating period. It is ®24 tune up of the governing gear. Further checks were ms# i | yo, 
felt that efforts made to correct conditions which caused difficul- f the thrust bearing and shaft seals, and the dummy clearat 
ties, have been successful to a degree that future operation may WS adjusted on October 23. The next outage which started 
now be viewed with confidence. It is consequently believed October 27, 1937, is not attributed to the turbine as it was caus* 
that subsequent availability and performance records will com- PY boiler carry-over deposits which caused the second inlet vale 


to stick. Heavy deposits of boiler carry-over were also found® 
the valves of the header system and these deposits were remov® 
by flushing the header with water. The three subsequent ot 
ages of January 7, January 25, and May 20, 1938, are likewise 0" 
attributable to the turbine, as is indicated by the causes which ** 
shown on the outage chart. The July 2, 1938, outage was nec® 
sary, however, when the first and second admission valves We 
found to be sticking. Upon removal and inspection of the valv# 
the head of a */,-in. cap screw was found lodged between the 


pare favorably with those of any installation of this type and 
of this kind. 


1 Covering the period October, 1937, to August, 1939. 

2? Superintendent of generating stations, Commonwealth Edison 
Company. Mem. A.8S.M.E., Melville Medalist, 1931. 

3 ‘Discussion of Preliminary Operations of the Fisk Station Top- 
ping Unit of Commonwealth Edison Company,’’ Power Panel Dis- 
cussion on New High-Temperature High-Pressure Stations, Trans. 
A.8.M.E., vol. 60, FSP-60-13, July, 1938, p. 413. 
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GRUNERT—FISK STATION TOPPING-UNIT OPERATION 


TABLE 1 GENERAL DATA, FISK STATION HIGH-PRESSURE PLANT 


STEAM GENERATING UNITS: 


Renufacturer Babcock & Wilcox Co. 
Number Two 


Mex.Continuous Output (each) - 1b/hr 412,500 
Normel Max. Rating 375,000 
Pressure- Superheeter Outlet- lb.ga. 1275 
Temperature- Fr 910 
Feed Water Temperature F 325 


BOILER: 
Heating Surfece - eq.ft. 
Tubes- thickness 


7106 
4 in.O.D. x 7/16 in. 
Design Preeeure- 1bd.ga. 1400 


SUPERHEATER: 

Type Convection in perellel 
flow circuit with the 
economizer. 

Heating Surfece- eq.ft. 19,800 

Tubes- Thickness 2 in. #4 gauge & 24x .26 in. 

Design Preeesure- lb.ga. 1400 

ECONOMIZER: 

Type Continuous tube in parallel 
flow circuit with the 
superheater. 

Heating Surface- eq.ft. 12,000 

Tubes- Thickness 2 in. #4 geuge & 23x .26 in. 

Design Pressure- lb.ge. 1490 

AIR_HEATER: 

Type Tubuler 

Heating Surface - aq.ft. 56,200 

Tubes- Thickness 24 in. #11 gauge 

FURNACE: 

Type Two stage, water well, slag- 
jtap with water cooled floor 

Heating Surface- eq.ft. 5070 

Tubee- thickness 34 in. x 11/32 in. 

Heat Liberation at 

375,000 lb/hr. - Btu/cu.ft/hr. 31,600 

PULVERIZED FUEL EQUIPMENT 

VanuvYacturer Poster-Wheeler Corp. 


Pulverizers- Type 
Number per boiler 
Capacity- tone per hour 15 
Exhausters- Type Paddle Wheel 
Burnere- Type Multiple intertube, 
Vertical firing. 


D-8, Hardinge, Conical, Ball 
Two 


Number per boiler 


FORCED DRAFT FANS: 


Venufacturer B. F. Sturtevant Co. 
Type Turbovane with vane control 
Number 2 
Capacity (each) cfm at 140 F 128,000 
Static Presaure- In.H20 9.7 
INDUCED DRAFT PANS: 
Vanu?acturer B. F. Sturtevant Co. 
Type Double inlet, turbovane 
Number 2 
Capacity- cfm at 360 F 170,000 
cfm at 400 F 222,000 
Static Pressures 10.9 in. - 16.0 in. 
Speeds- rpm 720 - 900 


Motor Sizes- (two motors per fan)- hp 500 - 900 


PERFORMANCE DATA OF STEAM GENERATING UNIT: 


Steam- 1b/hr 250,000 375,000 
Steam press.Suphtr. 1275 1275 
Steam temp. 825 910 
Water Temp. Econ. In > 325 325 
Water Temp. Out -F 451 502 
Gae Temp. Air Heater Out -F 318 350 
Air Temp. ”" -F 472 486 
Per cent COe Furnace Out 15.3 15.3 
Per cent CO0p Air Heater Out 14.8 14.8 


NOTE: Figures given are design or guarantee 
values. 


PRECIPITATORS : 


Wanuvacturer Research Corporation 


Type "Cottrell" electrostatic 
Normal Gae Rating- cfm at 360 F 180,000 
Guaranteed Recovery- Per cent 90 
Maximum Gas Rating- cfm at 400 F 212,000 
Pressure drop at Max.Rating- In.Hp0 0.25 


TURBINE-GENERATOR : 
Turbine manufacturer 


Allis-Chalmera Mfg. Co. 
Capacity- kw 30 


Power Pactor- per cent 95 
Kv-a 31,577 
Frequency 25-cycles, 3-phase 
Speed- rpm 1500 
Steam Press.at Throttle-#/sq.in.ga. 1200 
Steam Temp. at Throttle-F 900 
Steam Press.at Exhaust- #/eq.in.gea. 220 


Number of Stages 2-impulse, 34-reaction. 


PERFORMANCE DATA OF TURBINE-GENERATOR: 
Toad- kw 7,500 15,000 30,000 


Exhaust Temp.- F "621 561 525 
Exhaust Heat- Btu/lb 1329 1297 1278 
Water Rate- 1b/kwh 34.0 25.25 21.9 


Throttle flow-M-lb/hr. 255 378.75 657 
NOTE: Figures given are guarantee values. 


BOILER FEED PUMPS: 


Pumpe Worthington Pump & Mfg. Corp. 
Number 

Type Solid Barrel, Vertical Split 
Capacity- gpm 1000 
Discharge Press.- 1b/sq.in. 1600 
Turbines Westinghouse Electric & Mfg. Co. 
Number 3 
Type Impulse 
Rating- hp 1135 
Throttle Steem Press.- 1200 
Throttle Steam Temp. - 900 
Exhaust Press.- 5 220 


DE-SUPERHEATING AND PRESSURE REDUCING EQUIPMENT: 
Wanufac turer Republic Flow Meters Co. 

De-superheater type “Smoot,” Venturi, Storage 
Size 16 in. x 24 ine 
Capecity- lb/hr. 700, 0@ 
Quick Opening Valve "Smoot" Hydraulic - 10 in. 
Press. Reducing Valve "Smoot" Hydraulic - 10 in. 


EVAPORATOR EQUIPMENT: 

umber of evaporators 2 
Type Horizontal, 
Heating Surface- eq.ft. 298 
Max.Capacity of two shells- 1b/tir 27,000 
Type of Evaporator Condenser Hortzontal, Float- 


ing Heed. 
Heat ing Surface- sq.ft. 1152 
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Fie. 2. Cross Section or TURBINE USED 1N Toppinc UNIT or Fisk STATION 


BOILER FILLING LINE LEGEND 
NORMAL FLOW 
ALTERNATE FLOW 
§ —-—— HIGH PRESSURE STEAM 
1 Onis WATER STORAGE 2 ON 15 
—--—— STEAM VENT LINES 
_ 9 REGULATING VALVES 
{ } QUICK- OPE NING VALVE 1 ! 
' 
! ' 
| 
! 
| 6" AUX. STEAM HOR. 
| | 
thal 
| 
' ' 
HIGH PRESSURE TURBINE BOILER ; FEED 
UNIT NO. 15 1 2 
i SENSI WP 
10" STEAM LEAKOFF TO DEAREATING HEATERS OF LP. UNITS 
24° TURBINE EXHAUST 
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HIGH PRESSURE PLANT-FISK STATION | | | 
CONSUMPT! | OUTAGE RECORD 
| | FORCEO vurace_ 
RESSURE TURBINE 
= 
H BOILERS IN SERVICE) |. STICKY AOM. VALVES INSPECTION @ OVERHAULING INSPECTION @ OVERHAULING | 
REPLACED VALVES ' ADMISSION ALVES ST } | 
LEAK~- REMQVED STRAIGHTENING | 
|! carRY-over CaUseo one FRON EXHAUST HEADERS 
| |SCLEARANCE CHECKS | 
“REPAIRS TO THROTTLE VALVE 
fe BY-Pass| OPERATII 
H | 
| RECREULATOR. | laewovgo | | | CHANOES FoR) 
“wovep sui ‘STRAIGHT. | | ‘LEAKY |} LEAKY GEN. TUBE- LINSPECTION CLEANING 
| | | “prim. | “INSTALLED SHORT IN PRECIPITATOR 
| iGHANGED FEED|P | iNEW LANCING DODR- 
| ‘RECIRG. is | Lmecocareo soot | | ‘HAND HOLE PLAT | | | 
soncent, SLOWERS-NEW GEN,T | cRacKED LEAKY SCREEN TUBES 
'| |] TUses @ soTs 
| UNSTALLEO BAFFLES IN DRUM} SEAL WELDED ECON.T. | 
LEAKY ECONOMIZER HIGH PRESSURE BOILER NOL | 
i} 8 | LCUT GEN- TUBE - RING GASKET LEAK-STOP VALVE 
| LWEW FLOOR TUBES AT SLAG OPENINGS — | | 
eras; | PERIOD 19371938 (eubs) 
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Fig. 4 Net Heat-ConsuMPTION AND OvuTAGE REcoRD 


and disk of the second inlet valve. Upon inspection of the 
throttle valve it was found that this cap screw head had broken 
from one of the screws which held the throttle-valve seat to the 
throttle-valve body. The sticking of the first inlet valve was 
caused by valve-stem packing which had lost its plastic qualities 
and had caused excessive friction. A combination die-formed re- 
silient metal-ring and soft asbestos-ring packing was substituted 
but this packing lasted only three weeks. 

As the first general inspection of the turbine was scheduled to 
occur soon, the date of the inspection was advanced to July 24, 
1938, because of the failure of this packing. It was found that the 
metal-foil packing rings had disintegrated under high temperature 
and particles had adhered to the valve stems. To ease the duty 
of the packing the leakoff was changed from 225 lb per sq in. to 
approximately 4 lb per sq in. Soft packing in die-formed rings 
was then installed and the number of rings was decreased to that 
required by the new pressure. This change proved satisfactory. 

The inspection made at this time showed that stellite seat fac- 
ings were in perfect condition. Three broken 31/,-in. cylinder 
studs, which were judged to have failed due to defects in material 
or machining, were replaced in the bolting that is used for the 
turbine cylinder joint. The admission-valve operating mecha- 
nism needed correction where clearances did not correspond to de- 
sign dimensions. Lapped admission-valve-cover joints made up 
without gaskets held tight under high pressures and temperatures. 
Crane ring-type joints on all admission inlet bends were found 
to be in good condition. The trip-gear mechanism, which on 
several occasions had operated sluggishly, was fitted with an 
Alemite lubricating system during this outage. This change has 
materially improved its operation. 

During the inspection, it was found that the lock washer which 


had been released from under the head of the broken cap screw, 
mentioned previously, had gone through the valves and nozzles 
and had lodged in one of the steam passages of the second moving 
row of impulse blading. The inlet edges of the first moving ro¥ 
of impulse blading were damaged by the passage of the lock washer 
but the relatively slight damage done was corrected by local 
grinding. 

The blade elements of the turbine consist of a 45-in-mean-diam 
2-row impulse wheel, followed by 34 rows of reaction blading 
Nozzle blocks for the impulse blading are built up of a series o! 
blade elements in which steam passages are completely ms 
chined before the elements are welded together as a single nozzle 
block unit. The first row of moving blades is 2'/; in. wide # 
shown in Fig. 5. Proportions of these blades illustrate the ma* 
sive construction used to resist the heavy intermittent forces er 
countered. All blades are made of a standard alloy known * 
“Cyclops No. 17-A,”’ a 19 per cent nickel, 8 per cent chromiux 
alloy. 

The integral shrouds of the first moving row of impulse blade 
were originally welded together in groups of five. During & 
spection it was found that many of the welded joints had cracked 
although the welding between several pairs of blades still * 
mained sound. The strength of the original welding, howev®, 
had been somewhat reduced during manufacture in securing! 
smooth cylindrical surface by turning down the blade tips sf# 
welding. The blades of the first impulse row were rewelded 2 
pairs during overhauling and a much heavier welding bead ¥* 
used than in the original assembly. The full section of the we 
ing bead was left in place for strength in this repair. 

A slight looseness was noted in the blades of the first mov 
row on the impulse wheel. The manufacturer did not feel t 
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eb. March. Apri). June _July_. August Sept. Nov, _Dece 
TOMS PER 
Boller Nos} 
99.6 99.0 99.6 99.9 99.8 99.8 99-2 99.8 9 99.8 99. 99.8 6 99.8 - 
100 * - - 9500 92.5 9546 96.9 3: 97-2 32:3 97.8 - 3: 
3651.0 3180.2 7122.2 6200.0 6262.8 6246.0 5078.6 2761.6 %947.6 6542.6 5314.6 7363.8 6686.5 5447.6 6327.6 5875.8 
9. 10-5 10.6 0.2 10. lo. 3:6 8.6 10, 10.8 10.8 10.8 10:3 10.4 10.2 3-2 9.6 
27.4 26. 26.1 3 2.8 26.8 26.5 26.6 27. 26.6 26.7 27. 28.3 
100 * - - - 3:2 96. 96.8 8 
Dry 12 1 120 1218 12321 «12188 «12228 12116 
aed 13.06 «18,15 10.53 35 12. 10.97 11.62 13.99 11.25 12.06 11.95 12.12 12.53 12.25 
Overall Boiler Aoce Efficiency, 1.3 61.2 82.0 83.9 85.8 9 85.6 85.0 86.2 6 
To 6 6 6 62 6 6 6 6 
Air Beater Inle 100 a8 2 102 10 110 97 102 us 
we 8270 72200 63000 A900 63500 5600 29200 $6800 $2200 S170 73900 «5250055800 58500 63900 
| Teap. H.P. Unit 6 on 860 688 688 880 880 883 $2 
Exhaust - 5 
Cirowlating * Inlet 3 
Ciroeulating * Riso 9 9 7 6 7 7 6 9 6.0 9 9 9 6 
Unit, 198 1196 1208 1200 1200 1200 1200 197 1200 i212 = i219 
Exhaust 208 21 2 213 216 9 21 2s 220 a 216 2 29 2g 
Turbine, 19662 15701 6217 1 1201 186 11964 128 1666. 14 w 
ner Plant Water Rate, Ld. 9-71 9:12 8.78 9.09 9.20 9.28 6.97 6.96 9.22 9.98 9.27 
am 
nt this looseness was harmful as the massive dimensions of the 
3 0! HM blades are such that tightness is assured by centrifugal force when 
ns the unit is up to speed. 
ale The shrouding of the second moving impulse row was found 
2 a tracked in a number of places and a short piece of shrouding had 
ns HH broken off completely. One blade of this row was broken off 
el where the shroud section failed and the tenon of the adjacent 
) 8H blade was injured. These two blades were replaced. 
ju The shroud sections originally installed on the blades of the 
“cond moving row of the impulse wheel were of sufficient length 
ade toinelude six blades. These shroud sections were punched to re- 
ceive blade tenons, the shrouding being applied by riveting of the 
ke HP tenons. It was concluded that cracking of the shrouding was 
] Hi caused by high stresses set up during riveting, and that harmful 
evel, MM “resses would be avoided by carefully fitting new shroud sections 
ng that they could be assembled in place without initial stress, the 
afte Hew shroud sections being held by welding around the projecting 
B ends of the tenons. This shrouding was designed to group three 
wS i Sades instead of six as in the original design, because of the tem- \ ] 
welt [MM erature range through which this blading must operate. As a 
_ BP ult of the failure of the original shrouding on the second mov- 
ovis 2g row of impulse blading, it was decided that a replacement row 
| th! Hho! blades with integral shrouding should be designed and held in Fieg.5 Imputse-BiapE ASSEMBLY 


GRUNERT—FISK STATION TOPPING-UNIT OPERATION 


TABLE 2 AVERAGE MONTHLY OPERATING DATA, COMBINED HIGH-PRESSURE PLANT 
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readiness for installation should further difficulty be experienced 
in this section of the turbine. 

The reaction blading was found to be in good condition on this 
inspection. A slight looseness was noted in some of the assembled 
segments toward the center of the spindle, but this looseness was 
not considered harmful as the blade segments become tight when 
up to speed. There were a few shrinkage cracks found in the 
silver soldering of the reaction-blade shrouding toward the low- 
pressureend. These were resoldered. 

Following this overhauling period in August, 1938, there was 
no further outage for repairs of the turbine-generator unit during 
1938 or the first six months of 1939. During March, April, and 
May of 1939, however, the steam rate of the topping turbine 
showed gradual increase. This was particularly noticeable in 
the first part of May when the steam rate of the turbine had in- 
creased to a corrected rate of 26.9 lb per kwhr at 23,000 kw load. 
This was reflected in the division of load between the topping tur- 
bine and the low-pressure turbines to which steam was supplied. 
During the same period, a reduction of capacity had been expe- 
rienced in the auxiliary turbines driving the boiler feed pumps. 
Fouling of nozzles and blading of these small turbines was sus- 
pected and successful washing restored their capacity. 

The foregoing experiences led to the washing of the topping unit. 
The washing was to be accomplished with saturated steam sup- 
plied at a rate slightly above no-load full-speed requirements with 
the unit electrically tied to the system. Saturated steam at full 
pressure was to be obtained by reducing the steam temperature 
as far as possible with boiler regulation and then removing the 
remaining superheat by injecting desuperheating water into the 
steam header at a point as far removed as practical from the tur- 
bine. A suitable nozzle was installed in one of the boiler risers 
for this purpose and thermoelements were inserted in existing 
wells at the turbine inlet and exhaust for accurate steam-tem- 
perature determination during the washing procedure. A steam- 
sampling outfit was set up which permitted checks to be made of 
conductivity of a continuous sample of condensed steam from the 
turbine exhaust. 

With but one boiler in operation at reduced steam flow, steam- 
temperature reduction by means of boiler control was started at 
11:00 p.m., June 3. Adhering closely to a temperature-reduc- 
tion rate of 50 F per hr, a temperature of 650 F was reached at 
3:00 a.m., June 4. This steam temperature represented the 
lower limit obtainable by means of boiler control. At 3:15 a.m. 
water was gradually injected into the header and by 5:00 a.m. a 
steam temperature of 590 F was reached. 

At this point the conductivity of the exhaust-steam sample rose 
suddenly from 5.6 micromhos to 32,000 micromhos. As the wash- 
ing progressed the steam-sample conductivity decreased to a value 
of 1000 micromhos after 3'/, hr of washing. During this period 
several samples of condensed exhaust steam were taken for chemi- 
cal analysis. Analysis showed the blade fouling to consist of 
approximately 40 per cent soluble sodium silicate, 23 per cent so- 
dium hydroxide, and 23 per cent sodium chloride. Other soluble 
inorganic salts made up the remainder of the deposit. 

After the foregoing washing period, the temperature of the steam 
was gradually restored to normal and load was applied to the 
unit. Ata load of 27,000 kw, the corrected steam rate of the top- 
ping turbine was found to be 24 lb per kwhr. The conditions 
existing during the washing operation are shown graphically in 

Fig. 6. 

After a month of continuous operation subsequent to washing 
of the turbine, the topping plant was taken out of service for 
scheduled inspection on July 6, 1939. When the turbine was 
opened 26 blades in the second impulse-spindle row were found 
broken. The only evidence of this failure, noticeable while the 
unit was in operation, was an increased steam rate which had not 
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returned fully to normal after completion of the washing proce- 
dure. Blade failure, however, was not definitely expected as the 
unit ran in good balance before the inspection. 

As mentioned when discussing the July, 1938, turbine inspec- 
tion, two blades and the shrouding of this second moving impulse 
row were replaced. The new blading, designed with heavier sec- 
tions and integral shrouding made up for replacement following 
the 1938 inspection, was installed during the August, 1939, over- 
hauling. The integral shrouding of these new blades was welded 
together so that groups of three blades are formed. 

The shrouding on the spindle reaction blading was originally 
of pure nickel. Failure of this shrouding, due to cracking, re- 
quired its replacement with new shrouding made of stabilized 18 
per cent chrome, 8 per cent nickel material. This shrouding was 
are-welded in place with 25 per cent chrome, 12 per cent nickel 
weld rods. 

Four 3'/;-in-diam cylinder bolts were found broken on this in- 
spection. As a result of this and of the bolt failures found in the 
previous inspection, all of the larger studs for the turbine joint 
were replaced. The new studs will be made of Triplex No. 3 
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bolt steel, a material which is now believed to be more suitable 
than the material originally used for this high-temperature-bolt- 
ing service. 

Although blading difficulties have been found in each of the two 
inspections of the turbine so far made, it is felt that the improve 
ments accomplished will be found adequate, and that improved 
performance will result. Based on observed conditions and per 
formance of the first impulse-spindle row, the changes made 
should limit future blading maintenance to minor repairs. It is 
expected that availability records with subsequent turbine oper 
tion will be further improved by shorter overhauling periods 
which possibly may become less frequent. 
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SreaAM GENERATORS 


The availability of the two steam-generating units of this 
topping installation has not equaled that of the turbine generator. 
This is apparent when the turbine and boiler outage charts in 
Fig. 4 are compared. The steam generators had an average 
availability factor of 61.2 per cent for their operation in 1937, 
80.2 per cent for the year 1938, and 87.6 per cent for the six 
months of 1939. Steam supply, however, has been available 
from one orboth steam-generating units during all except two short 
periods in the first four months of operation of the installation. 

As the steam generators are similar in design, the major oper- 
ating difficulties encountered with one were either indicated or 
experienced in the operation of the other. As a result, the im- 
provements made in the boiler installations were made on each 
of the units in about the same sequence. 

Steam was supplied to the high-pressure-header system on 
September 18, 1937. After preliminary adjustments were made 
to the feed pumps and other auxiliaries, operation was continued, 
the steam produced being passed through the pressure-reducing 
and desuperheating equipment to the low-pressure header, Fig. 3. 
In the early operation of the boilers, joint leaks developed where 
recirculators entered headers of the side-wall screens and also 
where economizer tubes entered the steam drums. Rerolling of 
these joints failed to prevent the recurrence of leaks during fur- 
ther service, and it was necessary to seal-weld the joints for 
tightness. Inability to hold rolled economizer joints tight was 
attributed to strains due to variable economizer temperatures. 
Recurring leakage of rolled recirculator joints was attributed to 
excessive joint strains set up by unequal expansion of recircu- 
lators and screen wall tubes. Seal welding, where necessary, has 
prevented joint leakage but strains at the joints persist. These 
strains have to the present time caused no apparent difficulty 
other than the leakage before joints were seal-welded. 

During the initial operation of the installation, carry-over de- 
posits were found to be accumulating in header valves and control 
valves of the turbine unit in quantities which were sufficient to 
interfere with valve operation. Tests for steam purity, made 
when units were steaming at the rate of 230,000 lb per hr, indi- 
cated that excessive carry-over was present when total solid con- 
centrations in boiler water were maintained at 425 ppm. Lower- 
ing of the water level resulted in carry-over of less than 1 ppm at 
this rating but, when ratings were increased to 310,000 lb per hr, 
carry-over again became excessive. As 375,000 lb of steam per 
hr is required from each boiler for designed operation of the top- 
ping installation, improvements for better steam purity were 
necessary. With a changed drum baffle and steam-scrubber ar- 
rangement,‘ satisfactory steam purity has been attained at nor- 
nal boiler ratings when total solids in the boiler water were main- 
tained at 400 ppm. Operation was continued with this steam- 
«rubber arrangement in 1938 and the first six months of 1939. 

As ratings were increased, difficulties with furnace slag ac- 
tumulations on the sloping portion of the secondary-furnace wall 
Were experienced. The original design provided for operation of 
the secondary furnace as a dry-bottom furnace, the slag falling 
through the opening across the bottom of this furnace, in a dry 
state, and being removed by a hydrojet system installed beneath 
the opening. This arrangement proved impractical as slag built 
up on the sloping secondary-furnace rear wall in thicknesses of 4 
‘012 in. and at times avalanched down in quantities and sizes so 
large that removal by the hydrojet installation was impossible. 
During boiler outages in December, 1937, the secondary-furnace 
bottoms were changed, as shown in Fig. 1. With this arrange- 
ment all furnace slag is readily removed through the slag-drip 
bles of the primary furnace in liquid form. 


‘Reference (3), Fig. 4, p. 416. 
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Through this period difficulties were also experienced with fail- 
ures of vertical slag-screen tubes and ruptures of tubes around the 
slag-drip openings in the primary furnace floor. The several 
changes necessary to correct these conditions required outages 
shown on the chart during January and February of 1938. The 
changes made consisted first, of the addition of 12 recirculating 
tubes between the upper slag-screen header and the lower dis- 
tribution header to the screen; second, of offsetting alternate 
groups of 2 slag-screen tubes into the secondary furnace as shown 
in Fig. 1, instead of into the primary furnace as originally de- 
signed; and third, of moving the burners 2 ft 10 in. forward in 
the primary furnace. These changes had the effect of improving 
circulation and reducing the duty imposed on the tubes which 
previously had ruptured. A better balance in circulation be- 
tween the screen-tube and floor-tube circuits also resulted. Fur- 
ther changes that were made to improve conditions in the floor- 
tube sections consisted of increasing the radius of tube bend in 
tubes around the slag-drip holes and the installation of water- 
cooling coils at these slag openings to retain a deeper protecting 
layer of molten slag over the floor tubes. These changes resulted 
in improved performance of these sections of the boiler installa- 
tion. 

During the outage of the steam-generating units shown in April, 
1938, lancing doors of improved design with added insulation, 
improved hinges, and latching devices were applied in place of the 
original doors. It was necessary also to apply additional insula- 
tion about the boiler setting to reduce the temperature at lancing 
galleries and in other localities about the boiler where operators 
must work. 

Repeated leaks from economizer-tube joints at the headers 
necessitated the completion of seal welding on all joints in the 
economizer sections at this time. During previous outages some 
seal welding of economizer tube joints had been accomplished. 

On May 20, 1938, an outage of the entire topping installation 
was necessary to remove pieces of straightening vanes which had 
come loose from their position in the topping-turbine exhaust 
line. These straightening vanes had originally been installed to 
direct steam flow for more accurate metering through a topping- 
turbine exhaust orifice. As a result of the failure of this set of 
vanes, all straightening vanes in the header installation were re- 
moved to prevent a recurrence of failure, and possible resulting 
injury to turbine blading. 

During the outage of the topping turbine for inspection and 
overhauling, the boilers were alternately taken out of service for 
inspection, cleaning, and repairs. At this time 9 economizer- 
tube sections at the boiler drum, which had been seriously eroded 
by spray from a joint leak, were replaced in the economizer of No. 
2 boiler. 

Difficulties with blistering and rupturing of tubes in the verti- 
cal slag screen, and in the primary-furnace floor and upper gen- 
erating-tube sections, had caused questioning of the adequacy of 
boiler-water circulation and of the water treatment used in the 
installation. Apparently some of the tube failures were aggra- 
vated by more or less loose deposits which had accumulated at 

the points of tube rupture. These deposits had settled out of 
suspension in such quantities as to be evidence of sluggish circu- 
lation. Water lines in the interiors of the top-row tubes in the 
generating section were also evidence of inadequate circulation. 
In an effort to improve this latter condition, the top row of gen- 
erating tubes was replaced with a changed design of tubes during 
outages of No. 1 boiler early in July, 1938, and of No. 2 boiler 
from August 27, to September 10, 1938. The original top tubes 
were parallel to the remainder of the tubes in the bank, while the 
new tubes were bent as shown in Fig. 1. 

Soot-blower position changes were made during these boiler 
outages for more effective cleaning of the heating surface. The 
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soot-blower supply-header piping was also changed to secure 
higher pressure at the blower heads, resulting in higher jet ve- 
locities for more effective cleaning. 

Operation of the boilers during the period from October, 1938, 
to February, 1939, was interrupted with several outages taken to 
clean tubes and make changes to improve circulation in the gen- 
erating section. Restrictor plates in the uptake headers of this 
bank of tubes, altered design of top-row generating tubes men- 
tioned previously, discontinuation of Akon treatment, and in- 
stallation of tube cores in the upper ends of the top two rows of 
generating tubes were tried in efforts to prevent tube failures. 
These alterations failed to produce the desired result. 

During the outage of No. 2 boiler between January 29 and 
February 6, and of No. 1 boiler between February 10 and Feb- 
ruary 17, 1939, distributor tubes made up of 1-in. tubing with a 
cone attached at the bottom were inserted in each of the uptake 
headers of the generating-tube section. The cone is arranged to 
divert the intense circulation of the bottom-row tubes through 
the 1-in. tube, while the 1-in. tube terminates near the top of the 
header and flow through it tends to induce circulation in the re- 
maining tubes in the header. Sufficient equalization of circula- 
tion has been attained with this arrangement to prevent further 
tube failures in the generating-tube section. 


With the changes mentioned, both boilers have operated for 
three-month periods and were taken out of service during May, 
1939, only for inspection. No condition was found in these in- 
spections which would have interfered with a longer service rus 
on either boiler. 

Due to difficulties experienced in other high-pressure-boiler in- 
stallations with cracking of drum metal at joint seats, across 
which excessive variations in temperature occurred during oper 
tion, a changed design of economizer-tube joint at the drum and 
method of introducing feedwater were recommended by the mant- 
facturer. The changed position of economizer-tube entry to the 
steam drum resulted from a decision to change the drum baffling 
and steam-scrubber arrangement from that shown in the pre 
vious paper,‘ to the cyclone-separator arrangement developed by 
the manufacturer. These drum changes were accomplished during 
the August, 1939, outage of both boilers, while the topping tu 
bine was inspected and overhauled. The improved economize 
tube joint at the boiler drum and drum-cyclone arrangeme®! 
is shown in Fig. 7. The installation of cyclone separators 80° 
changed scrubber arrangement is not expected materially © 
improve steam purity over that secured with the previous & 
rangement, but was adopted primarily to assure a maximum den 
sity in water supply for boiler circulation. 
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During the August, 1939, outage, the boilers were thoroughly 
cleaned externally, and the tubes in the generating sections and 
screen and wall circuits were turbined. The turbining was not 
considered necessary to remove deposits but was performed to 
make certain that the boilers would be in optimum condition for 
an extended service run. 

In general it appears that the tube failures experienced during 
these correction and development periods have been largely due, 
directly or indirectly, to sluggish circulation. While there are 
many factors in operation and design which may contribute to 
this condition, it would appear that the matter of solid-water 
downcomer supply is particularly important as is also the matter 
of ample return-circulating-tube area. It would also appear 
that where relatively high heat transfers occur, parallel circula- 
tion with unequal flow resistances should be avoided as far as 
practical design will permit. The several changes in these boiler 
units have largely been made with the intent to improve one or the 
other of these conditions. The records of improved availability 
indicate that efforts along these lines have been sufficiently suc- 
cessful to regard regular boiler-operating periods of six or more 
months’ duration as a reasonable expectancy. Turbine availa- 
bility in this topping installation has exceeded this performance 
inprevious operation. With these improvements a very desirable 
plant availability performance is anticipated. 


Logan Operating Experience 
By PHILIP SPORN,' NEW YORK, N. Y. 


EFORE beginning a review of the approximately two 

years of operating experience at the Logan Station of the 
Appalachian Electric Power Company, a brief description of the 
major equipment installed in 1937 will be of help as a background. 
The superposed extension consists of a 40,000-kw, 3600-rpm, 
water- and hydrogen-cooled generator supplied with steam at 
1250 lb per sq in., 925 F, from a single boiler of 1,000,000 Ib per 
br eapacity and exhausting at 200 lb per sq in. 510 F to five low- 
pressure turbines totaling 50,400 kw. The details of the equip- 
ment comprising the plant and the underlying design considera- 
tions have been published in various technical journals.?_ How- 
ever, mention should be made that, at the time of its purchase 
in 1935, the 40,000-kw turbogenerator was the largest-capacity, 
3600-rpm topping unit that could be proposed and the first 
hydrogen-cooled generator placed on order. It is also, so far as 
is known, the only water-cooled generator stator. The boiler is 
till the largest built to date. 

Initial operation of the high-pressure boiler was started in 
October, 1937, and trial operation of the turbine, November 2, 
1937. Operating experience during this initial period up to 
December 2, 1937, was reported as part of the Power Panel Dis- 
cussion at the Annual Meeting of the Society, December 8, 1937.* 
The rather limited experience of one month of operation available 
at the time of that discussion justifies further comment on operat- 
ing experience as the second year of operation nears a close. 

Since the starting date until August, 1939, comprising 15,638 
tr of elapsed time, the high-pressure section of the plant was 


_' Vice-President and Chief Engineer, American Gas and Electric 
Service Corporation. Mem. A.S.M.E. 

*“Logan’s Double Shell Turbine,” by G. B. Warren, Power, vol. 81, 
June, 1937, pp. 302-305. 

‘The Logan Steam Station,” by Philip Sporn, Southern Power 
Journal, vol. 56, June, 1938, pp. 26-34. 

Logan Steam Plant—a Landmark,”’ by Philip Sporn, Electrical 
Vorld, vol. 106, April 11, 1936, pp. 1017-1019, 1084-1086. 

*“Logan Operating Experience,” by Philip Sporn, Trans. A.S.M.E., 
vol. 60, FSP-60-13, July, 1938, pp. 421-422. 
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available 8956 hr or 57.3 per cent of the time, while the service 
hours were 8750 or 56 per cent of the time. With a gross genera- 
tion of 255,527,000 kwhr, the capacity factor for this period has 
been 40.8 per cent. The availability of the high-pressure turbine 
alone was 86.4 per cent and the service hours 56 per cent of the 
elapsed time. The single high-pressure boiler, which is used for 
the low-pressure section of the plant through the pressure-reduc- 
ing and desuperheating system when not supplying the topping 
turbine, had service hours equal to availability amounting to 
71.8 per cent of the period. Details of the outages on the high- 
pressure turbine and boiler will follow later. Since July, 1938, 
when the last major turbine difficulty was remedied, the record 
is more pleasant to report. Fig. 1 shows a graph of the maximum 
hour output of the high-pressure turbine since that time. The 
availability of the high-pressure section of the plant increased to 
81.5 per cent, the service hours to 80.2 per cent, and the capacity 
factor to 61.8 per cent. For the turbine only the availability at 
97.2 per cent and the service hours at 80.2 per cent have been 
quite satisfactory. The high-pressure-boiler performance is en- 
couraging with availability and service hours increasing to 84.7 
per cent in this recent thirteen-month period. 

During the thirteen-month period, the station heat rate of 
14,400 Btu per kwhr compares favorably with the design expecta- 
tions, remembering of course that a serious shortage of circulating 
water in the summer months, necessitating spray nozzles and 
recirculation, is an uncontrollable influence on over-all plant 
economy. Under such conditions the condenser pressure attains 
as high as 3.4 in. Hg, and the additional large auxiliary power 
consumption to operate the spray-pond pumps amounts to 8 per 
cent of full-load generation. 

Although the high-pressure turbine is rated 40,000 kw and the 
five low-pressure turbines aggregate 50,400 kw, making a station 
rated at 90,400 kw, much higher loads have been consistently pos- 
sible because of hydrogen cooling of the topping unit and nozzle 
changes on the low-pressure units. Under favorable winter condi- 
tions, with ample circulating water, a gross station load of 103,000 
kw has been attained, involving 48,500 kw on the 40,000-kw 
topping unit supplied with 1,000,000 lb per hr of steam from the 
single high-pressure boiler. This high load represents a reserve 
capacity available of 12,600 kw or 14 per cent over the name-plate 
rating of the units. 

Operating procedure, as originally set up for this station at the 
time of initial operation late in 1937, has proved to be entirely 
satisfactory and no major modifications have as yet been found 
necessary. Basically, the system of starting and stopping is one 
in which the low-pressure boilers, the low-pressure turbines, the 
high-pressure boiler, and the topping turbine are treated as 
separate divisions, each of which is operated separately but in 
sequence. Whenever the high-pressure boiler is out of service at 
least two of the low-pressure boilers and two of the five low-pres- 
sure turbines are operated. The desired load on these units is 
maintained by backing down on the low-pressure boilers while 
steam flow is increased through the reducing valve as the high- 
pressure boiler is started and loaded. The high-pressure boiler 
could not be started without at least one of the low-pressure 
boilers in service because induced-draft fans are turbine-driven. 
Then the topping turbine is warmed through a manually operated 
atmospheric exhaust. When ready, the topping turbine un- 
der control of the speed governor is synchronized, then put under 
control of the back-pressure governor, and loaded while flow 
through the reducing station decreases. The reverse order is 
followed when taking the high-pressure equipment off the line. 
Under running conditions, the reducing valves are closed, the load 
is varied on the low-pressure turbines which, in turn, control the 
steam flow and load on the topping unit through the medium of 
the back-pressure regulator on the topping turbine. 
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There have been several interesting experiences which indicate 
the flexibility of the station. On one occasion a test trip-out of 
15,000 kw and an accidental trip-out of 36,000 kw of low-pres- 
sure unit capacity created no disturbance beyond control of the 
boiler operator and without popping of safety valves. There was 
an occasion when one of the induced-draft fans was lost and an- 
other, when a forced-draft fan was lost, both times with full load 
on the high-pressure boiler, but recovery to stable operation was 
accomplished without difficulty. Any system disturbance 
affects the load less on the topping unit than on the low-pressure 
units. 

A most interesting incident occurred once when the entire 
station load was lost. The pressure in the 200-lb steam header, 
supplying the low-pressure units, dropped to as low as 60 lb, but 
this was sufficient to keep in operation the turbine-driven in- 
duced-draft fans on the high-pressure boiler supplied from this 
header without resorting to firing the low-pressure boilers. 
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The major outages on the high-pressure turbine have resulted 
from failure on two occasions of the first-stage shroud band. With 
the second shroud-band failure, the turbine manufacturer gave 
proper consideration to the extreme combinations of stress to 
which the first-stage blading is subjected, involving intermittent 
stress from partial peripheral admission and stress from cen- 
trifugal force coupled with high-temperature effect. Since the 
second repair was completed and the turbine placed on the line 
on July 15, 1938, it is gratifying to be able to report that no fur- 
ther trouble has resulted to date from the first-stage shroud band. 
It is to be noted that the turbine admission-valve system at 
Logan, shown in Fig. 2, continues to be, as it was initially, a 
partial admission system, the sequence being 1, 2, 3, 4, 5,6. The 
only other serious difficulty occurred when the thrust bearing let 
go, but since its repair there has been no recurrence. 

Overheating of blades in the topping turbine, caused from 
motoring of its generator with insufficient steam flow, when low- 


Fig. 2 Diagram or ApMIssiON-VALVE System, Logan 
PRESSURE TURBINE 


pressure units have tripped out, is prevented at Logan by a some 
what special reverse-power relay which the author helped to de 
velop. 

The scheme consists of a sensitive reverse-power relay cal 
brated to operate on power component only and to close its col 
tacts to trip the generator off the line in case the power flow # 
from the bus bars into the generator with a magnitude of !/2 pe 
cent of the kilowatt rating of the generator after a time of | mil. 
In addition to this reverse-power relay, a timing relay is provided 
to give the desired time of 1 min. A single current transformer! 
employed with a ratio of approximately full-load rating of the 
generator to give 5 amp secondary current. Furthermore, 4 lock: 
out, single-phase, reverse-power relay is provided to make the abovt 
sensitive reverse-power relay inoperative, provided the generat! 
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is supplying power to the bus bars of an amount equal to or 
greater than 40 per cent of its kilowatt rating. The installation 
of this lockout relay is provided to insure that the generator will 
not trip off the line unnecessarily due to improper operation of the 
sensitive reverse-power relay on surges or otherwise. In addition, 
an alarm circuit is provided to operate at the instant the generator 
starts motoring, so as to inform the operator that the generator 
is motoring and permit him to correct conditions within the period 
of 1 min before tripping occurs, if possible. 

The detailed operation of the scheme may readily be under- 
stood from Fig. 3, which is an elementary control diagram of this 
system. 

Under normal conditions, with the generator supplying power 
to the bus bars in excess of 40 per cent of its rating, contacts A of 
lockout reverse-power relay JCP are closed, short-circuiting coil 
of auxiliary relay X, causing contacts E and F of relay X to 
open, thereby removing negative supply to contacts of tim- 
ing relay MC-13, preventing the operation of generator differen- 
tial auxiliary tripping relay, regardless either of the operation 
of the sensitive reverse-power relay CCP or of the timing relay 
MC-18. 

In case the generator is supplying power of less than 40 per 
cent of its kilowatt rating to the bus bars, contacts B of the lock- 
out reverse-power relay JCP close, energizing auxiliary relay X, 
causing its contacts E and F to close. Due to the power flowing 
into the bus bars, contacts C of the sensitive reverse-power relay 
(CP are open, preventing energization of the timing relay MC-13. 
Also, contacts D of the sensitive reverse power relay CCP 
are closed, short-circuiting coil of auxiliary relay Y, causing 
contacts G and H to open, preventing the operation of the alarm 
circuit. 

Under motoring conditions, power flow being from the bus bars 
into the generator, contacts B of lockout reverse-power relay 
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ICP close, energizing auxiliary relay X, causing its contacts E 
ind F to close. In addition, contacts C of the sensitive reverse- 
bower relay close, energizing coil of auxiliary-relay Y, causing its 
‘ontacts G and H to close. Then timing relay MC-13 starts to 
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operate and, at the same instant, alarm circuit operates. After 
timing relay MC-13 has operated for 1 min, its contacts close, 
energizing generator differential auxiliary relay, tripping gener- 
ator off the line. 

During the last year there have been two occasions when the 
low-pressure units have tripped out from failure of the group ex- 
citation for these units. On both occasions the high-pressure unit 
was prevented from motoring by the successful functioning of the 
special reverse-power relay. 

When the topping turbine is being shut down, the rise in ex- 
haust steam temperature is negligible before the exhaust is opened 
to the atmosphere, but in bringing the turbine on the line after 
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a short shutdown period the stored heat raises the exhaust steam 
approximately 175 F until loaded and under control of the gover- 
nor. 

There have been no vibration problems with the topping tur- 
bine and the use of vibration and eccentricity recorders have 
proved helpful during starting periods. There is also no noise 
problem whatever. 

The hydrogen-cooled generator has functioned most gratify- 
ingly even under capacity load with the adverse condition of high 
cooling-water temperature. Although this generator is designed 
for a gas pressure of 15 lb per sq in. and has had test runs at this 
pressure, during which the shaft sealing and gas consumption 
were satisfactory and lower temperature of windings realized, 
day-by-day operation has been confined to a pressure of 0.5 Ib 
per sqin. Even with cooling water at 90 F, a higher gas pressure 
was not needed to effect proper cooling of the windings. Hydrogen 
purity is easily maintained at 99 to 100 per cent, and gas consump- 
tion, averaging less than 40 cu ft per day, has been costing less 
than $300 per year. 

Regarding the pad cooling arrangement for direct water cooling 
of the stator, outside of the original difficulty with the removal of 
air from the system, satisfactory performance has been obtained. 
There have been no signs of water leakage either in the pads or in 
the piping of the system. It has not been necessary at any time 
to remove and replace the condensate used as make-up for this 
pad-liquid system. Two heat exchanges are provided for 
the cooling of the pad liquid both of which are used during the 
warmer months but only one of which is needed during most of 
the year. 


BorLer 


The 1,000,000-lb per hr, dry-bottom, pulverized-fuel boiler has, 
of course, been subject to some outage—more outage than the 
turbine. Ash-screen tube failures resulting from impaired cir- 
culation and excessive heat input required replacement. To 
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remedy this difficulty, smaller-diameter tubes having spiral cir- 
culating strips and an increased slope were substituted and burner 
angles adjusted with satisfactory results. 

West Virginia bituminous coal from four different seams near 
Logan with ash-fusion temperatures ranging from 2350 to 2700 
F has been burned without difficulty. Slagging has not been 
serious and cleaning of boiler tubes by soot blowers and lancing 
has been easily accomplished. Load swings of 10,000 to 15,000 
lb per hr are readily handled and, on occasion, it has been possible 
to drop load from 900,000 to 540,000 lb per hr momentarily. 
Steam temperature has been controllable within the prescribed 
range shown in Fig. 4 with the remotely operated by-pass dampers. 
With tangential firing, a minimum boiler load of 300,000 lb per 
hr can be attained without loss of flame stability. However, it 
is interesting to note that, with a fuel combination of gas and coal, 
a load of 175,000 lb per hr has been carried successfully for a 
2-hour period. Four auxiliary natural-gas burners are used for 
starting with the aid of a kerosene torch and together are capable 
of carrying a boiler load of 50,000 lb per hr. The four Hardinge 
mills each of 15 tons per hr capacity have been rendering satisfac- 
tory service with a power input of 16 kw each at full capacity. 
To date these four pulverizers have handled a total of over 350,000 
tons of coal. Experience indicates that exhauster blades made 
of boiler plate require replacement after a mill has handled 35,000 
tons, and the wear on the ball charge amounts to 0.086 lb per ton 
of coal. The two Ljungstrom air heaters when cleaned once each 
shift with steam soot blowers have maintained their capacity 
and have exhibited no tendency to fouling. However, the 
exit flue-gas temperature, leaving the air heaters, remains 
about 30 or 40 F higher than the manufacturer’s performance 
guarantee. 

Feedwater make-up is supplied from an evaporator whose feed 
is coagulated river water in which temporary hardness usually 
predominates, forming a scale in the evaporator not readily 
susceptible to cracking. To offset this, approximately 0.2 ppm 
of tannin is added to the evaporator feed for 1 ppm of hardness. 
Total dissolved solids in the vapor leaving the evaporator is con- 
fined to 2 ppm or less. A pressure-type deaerator located midway 
in the feedwater-heating circuit, using exhaust steam from the 
turbine-driven induced-draft fans, has consistently maintained 
the dissolved oxygen of the feedwater at 0.005 cc per liter or less. 
Scavenging of final oxygen is obtained by continuous feeding of 
ferrous sulphate and caustic soda at the deaerator outlet in 
proportion to the dissolved oxygen in the feedwater. At no time 
does the boiler water show the presence of ferrous iron. Ortho- 
phosphates and caustic are fed in shots into the feedwater at the 
discharge side of the regulator for maintaining a pH value of 9.6 
and a phosphate concentration of 10 to 25 ppm as PQ,. Boiler- 
water total solids range between 100 and 250 ppm. 

The saturated steam from the boiler has a specific conductivity 
averaging from 0.5 to 0.7 micromhos. Even so, some fouling of 
turbine blades, as evidenced by increasing first-stage pressure, 
has been experienced after lor.g periods of continued operation, 
suspected to be attributable to iron from the oxygen scavenger 
not detectable by conductivity determinations because of being 
too slightly ionized. Only recently the oxygen-scavenger feed 
was temporarily discontinued to determine the effect on first-stage 
pressure drop. Fortunately the deposit on the turbine blades 
seems to be removed or greatly reduced following a turbine shut- 
down. The only reason assignable to this is that the condensa- 
tion on the blading during the subsequent turbine warming-up 
period is responsible for washing off the deposit. 


BorLer FeEep Pumps 
Three identical 3600-rpm feed pumps are installed, one of 


which is motor-driven and two turbine-driven with the exhaust 
steam absorbed in the feedwater-heating cycle. Ordinarily, the 
turbine-driven pumps are used with the motor-driven as stand-by. 
These pumps have horizontally split cases and handle water at 
350 to 390 F. Their performance has been satisfactory in every 
way except for failure of ring gaskets involved with the removable 
head at the discharge end of the pump where the balancing disks 
are located. Apparently, it is a question of slightly warped cast- 
ings and selection of suitable gasket material. But this is a 
minor matter. 


REDvucING VALVES AND DESUPERHEATERS 


The two steam reducing valves for supplying the low-pressure 
section of the plant from the high-pressure boiler have been prac- 
tically free of vibration and noise since the initial changes re- 
ported two years go. When the station is operating normally 
with exhaust from the topping unit supplying the low-pressure 
units, motor-operated shutoff valves ahead of the reducing valves 
are kept closed. This is believed to be favorable to the life of 
the reducing valves. The automatic desuperheating equip- 
ment, though somewhat complex, has functioned very satis- 
factorily, and has maintained the steam temperature within 
narrow limits. 


HEATERS 


In the feedwater-heating cycle, there are no heaters on the dis- 
charge side of the boiler feed pumps. Following the deaerator 
on the suction side of the feed pumps are two vertical surface 
heaters of the floating-head type, both handling water at 450 lb 
per sq in. and using steam at 100 and 200 lb per sq in., respec- 
tively. Admiralty tubes in the 100-lb heater and arsenical-copper 
tubes in the 200-lb heater have both functioned satisfactorily 
thus far without leakage or tube dirtiness. After some experience 
with various head gaskets, the toroidal type was definitely un- 
satisfactory, but copper and corrugated monel have proved to 
be much superior. Drain subcoolers built into heaters are not 
used at Logan. However, a separate drain cooler, used in conjune- 
tion with the 100-lb heater, has performed up to expectations 
with control of the drains on the outlet side so that no flashing can 
occur in drain piping between the drain cooler and the heater be 
ing drained. 


ELEcTRICAL FEATURES 


It will be recalled that the entire output of the Logan topping 
unit, as well as substantially all that of the five low-pressure ma- 
chines, is taken care of by a single, 4-winding, 100,000-kva trans 
former bank with windings operating at 4000, 11,000, 44,000, and 
132,000 v. Further, the larger station auxiliaries are fed through 
a newly developed magnetic air-type circuit-beaker switchboard. 
Both of these large and/or new developments have worked out 
most satisfactorily. No trouble has been experienced with the 
load-distribution or regulating characteristics of the multiwin¢- 
ing transformer. The air breakers showed their rating capability 
in an elaborate series of acceptance tests and have since functioned 
with a complete absence of any difficulty. 

In a discussion of this kind there is only time for covering the 
high spots but there are, of course, many interesting detail 
problems which have been solved or remain to be solved. As$ 
general conclusion it may be said that the selection of 1250! 
pressure, 925 F temperature for a topping extension to this st* 
tion and the equipment designed for use therewith have prove 
a design, operating, and financial success. If we had the job “ 
do over again, the experience gained of course would enable i= 
provement in many details, but basically the design would be th 
same. 
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ELLIOTT—SUPERPOSED INSTALLATION AT OMAHA STATION OF NEBRASKA POWER CO. 


Superposed Installation at Omaha 
Station of Nebraska Power Co. 
By LOUIS ELLIOTT,! NEW YORK, N. Y. 


NFORMATION was presented two years ago before the 
Society concerning the high-pressure high-temperature super- 

posed extension at the Omaha Station of the Nebraska Power 
Company.? At that time equipment operation aggregating 5700 
hr was discussed. The present statement covers the period from 
initial operation in February, 1937, to May, 1939, and includes 
operating data and experience in addition to or differing from 
that detailed in the previous paper. 

In brief, the extension includes one 10,000-kw 0.8-power-factor 
turbogenerator, designed for 1200-lb, 900-F operation, and one 
265,000-lb per hr bent-tube boiler with economizer and regenera- 
tive air heater, fired by a 570-sq ft traveling-grate stoker. The 
high-pressure turbine is superposed on a 15,000-kw 200-lb con- 
densing unit, with a nonautomatic reducing and desuperheating 
station discharging to a 325-lb header. Division of load between 
high-pressure and topped units is determined by maintenance of 
constant back pressure on the former. The station is operated 
normally with at least one 325-lb turbine and one or more boilers 
on the line, in addition to the superposed combination. 

Operating time of boiler and turbine to May 1, 1939, has 
aggregated about 15,000 hr, equivalent to 78 per cent of elasped 
time since initial service. Availability (practically equal to ‘“de- 
mand availability”) of the high-pressure-turbine unit for the en- 
tire period has been 82 per cent, and for the last 7300 hr, since 
latest overhaul, 94 per cent. The unit was opened up in Feb- 
rary, 1938; the next overhaul is scheduled for February, 1940. 
High-pressure boiler availability has been 87 per cent for the en- 
tire period, and 94 per cent since the latest general overhaul. 
Generation by the high-pressure unit has been at 78 per cent 
unit output factor (based on 10,000-kw rating) for the entire 
ervice period. Operation of the topping combination has 
been practically continuous since the early part of this year, and 
reliability is considered as substantially on a par with that of the 
325-Ib section of the plant. 

Load on the combined unit is determined by consideration of 
over-all station costs, of service reliability, and of certain operating 
and maintenance difficulties experienced. As examples, loading 
is influenced by economy characteristics of the 325-lb units op- 
erated, by the formation of deposits on the blading of the 1200-Ib 
and 200-lb turbines and on the tubes of the cross-over heater, and 
by slagging of boiler heating surfaces. 

During 7300 hr ending April 30, 1939, generator had averaged 
050 kw, and heat rate of combined high-low-pressure unit 
averaged 13,700 Btu per kwhr net output with 84 per cent 
boiler efficiency and 60 F average deficiency in throttle tempera- 
ture, 

Design heat rate at 7500 kw (gross) load with 84 per cent 
ficiency and 900 F steam temperature is 13,050 Btu per kwhr 
tet output, or 13,600 Btu with correction applied for actual 
eam temperature prevailing. It is therefore to be expected 
that when steam temperature is brought up to that originally 
intended, performance of unit will be substantially equal to de- 
{gn value. 


HiGcu-PREssuRE TURBINE 


_Reduction of turbine capacity from blade deposits was expe- 
Mechanical Engineer, Ebasco Services Inc. Mem. 
ASME. 

*“Superposed Extension to Omaha Station of Nebraska Power 


Company,” by Louis Elliott, Trans. A.S.M.E., vol. 60, FSP-60-13, 
“uly, 1938, pp. 418-419. 
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rienced prior to the February, 1938, overhaul, at which time blad- 
ing was cleaned by blasting with fly ash because silica content and 
temperature conditions prevented removal by washing. Subse- 
quently, boiler-water concentrations were reduced, and leakage 
of the low-pressure unit condenser is now checked regularly; 
stage pressures and load tests now indicate no appreciable scaling 
of blading, so that further ash-blasting may not be necessary. 

The turbine unit originally showed some vibration, but with 
adjustments, made from time to time, conditions are now much 
improved and are quite tolerable. 

As at first installed, the turbine water rate was 2 to 3 per cent 
high at lighter loads, caused in part by excessive high-pressure 
packing clearances, but largely by turbulence of steam in the 
space between the first-stage-wheel exit and smaller diameter 
nozzles of the second stage. A dam or baffle was installed in the 
first-stage shell space, extending from the inside of the shell to 
the rotor and attached to the second-stage diaphragm and to 
the inside of the upper half of the casing. This improvement 
eliminated much of the loss and permitted the turbine to meet 
its expected performance. 

No automatic devices have been installed, or other provision 
made, to protect against overheating of the turbine with loss of 
load. The smaller turbines are less vulnerable in this respect 
than the larger. 

Starting-up procedure has been modified as compared with the 
method reported two years ago. The 200-lb turbine is now 
started first, taking steam through the 325-200-lb reducing valve. 
The exhaust valve of the high-pressure turbine is also opened to 
admit 200-lb steam to the turbine casing. The high-pressure 
boiler is brought up to 600 or 800 lb pressure, passing 75,000 to 
100,000 lb of steam per hr through the 1200-325-lb reducing valve. 
The high-pressure turbine is then started, exhausting to the 200-lb 
turbine. As the load is picked up, the 1200-325-lb reducing 
valve is closed, and the boiler pressure is raised to 1200 lb. This 
method obviates loss of steam to the atmosphere, inherent in the 
original starting method. Starts and stops have been relatively 
infrequent—only as occasioned by maintenance requirements. 


BOILER 


There is little occasion to make rapid changes in load on the 
combined unit, and the boiler output is maintained steady, except 
as the daily load curve calls for adjustment at certain hours. 

Deficiency in total steam temperature persists, correction hav- 
ing been delayed. On account of this temperature condition, 
there has been no need for control of steam temperature, for 
which a manually operated by-pass gas damper is provided. 

Slagging of boiler-unit heating surfaces must be fought con- 
tinually, the Kansas coal burned having relatively high sulphur 
content and low ash-softening temperature; samples show initial 
deformation at 1850 F and a fluid condition at 2100 F or below. 
Because of these ash characteristics, difficulties of cleaning boiler 
and air-heater surfaces increase rapidly as maximum boiler ca- 
pacity is approached. The boiler is now normally operated dur- 
ing the day period at an output of approximately 225,000 Ib per 
hr, as slagging difficulties increase above 230,000- to 240,000-lb 
per hr output. It requires 14 man-hours per day for cleaning of 
the heat-transfer surfaces. 

Relatively few large stoker-fired boilers have recently been in- 
stalled in utility plants, and the question may arise as to com- 
parison with pulverized-coal firing for conditions such as en- 
countered at Omaha. At time of selecting firing method, no 
experience was available with burning of Omaha’s basic coals in 
the pulverized form, under a boiler operating at high steam 
pressure and temperature. On the other hand, experience in 
this plant over a period of years with relatively large traveling- 
grate-fired boilers had been quite satisfactory, combustion 
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losses and stoker maintenance being low. Investment for a 
stoker-fired unit was estimated as lower than if powdered-coal 
equipment had been used, particularly considering that the dust- 
collecting problem for the latter would have been more difficult. 
The slagging troubles that have been experienced with this 
steam generator, and especially with the superheater, have been 
more severe than on the older equipment, probably because of 
higher steam, gas, and metal temperatures required. However, 
while opinion might be held by some that these slagging troubles 
would have been less if pulverized coal had been used, there is 
as yet no experience to assure such a difference, particularly con- 
sidering the much larger weight of ash carried up through boiler 
and superheater. 
No circulation troubles have been experienced in boiler or 
furnace walls or arches, and the traveling-grate stoker has de- 
_ veloped no operating or maintenance difficulties, notwithstanding 
its great size. Boiler water is conditioned to maintain an average 
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pH value of 10.7, while keeping total solids at 250 ppm and total 
alkalinity at 75 to 100 ppm. A ratio of 0.5 between sulphates 
and carbonates is normal. 


Arr Heaters—FEED Pumps 


Corrosion and plugging of the air heater at the top of the inlet 
side of the rotating element results from the sulphur and moisture 
content of coal. This necessitated installation of a by-pass around 
the air heater to permit cleaning. The upper 4-in. portion of the 
regenerative surface has been modified and is now made up of 
elements with corrugations designed to give a freer gas travel, and 
bound together in groups so as to permit ready removal of a 
corroded or fouled surface and substitution of new or cleaned 
sections. 

The shaft of one of the 3600-rpm steam-driven feed pumps 
failed completely. The majority of opinion is that this resulted 
from imperfections in shaft material. 


High-Pressure High-Temperature Superimposed 
Installations at Waterside Station 


By J. C. FALKNER, 


ADDENDUM! 


R the last 2 years, high-temperature high-pressure equip- 
ment has operated at the Waterside Station. One Westing- 
house 53,000-kw unit went into service September 10, 1937, and 
one General Electric 53,000-kw unit went into service June 29, 
1938. Both units operate at 1200 lb pressure 900 F tempera- 
ture, 3600 rpm and have hydrogen-cooled generators. Both 
units have a feed-heating turbine attached to the main-turbine 
shaft. Four Combustion Engineering Company boilers of 500,- 
000 lb of steam per hr capacity are used; two boilers per turbine. 
There is no cross connection between the steam lines at the boilers 
or turbines; however, the boiler-feed-pump discharge headers 
are cross-connected. 
At the present time, 52 old 650-hp 200-lb boilers are operating. 
These boilers are necessary for load on the station and also to 
supply the demand steam to the New York Steam Corporation. 


1 Presented in connection with the contribution appearing on page 
241 of this issue. 


NEW YORK, N. Y. 


The heat rate on the station for both high- and low-pressure 
boilers taken from the weekly station-performance records for 
the months of October and November, 1939, shows an average 
Btu rate of 13,676. ' 


OPERATING RECORD OF TURBOGENERATORS 


There has been considerable trouble with the high-pressure 
equipment and many changes were made to the original installa- 
tions before finally arriving at a satisfactory operating condition. 
With reference to the turbines, two rows of impulse blades of the 
Westinghouse unit were removed after a few weeks of operation 
at the request of the Westinghouse Company because of trouble 
on other machines. This unit operated as a straight reaction 
turbine from the time the impulse blades were removed until it 
was rebuilt in July, 1939, with practically no operating trouble. 
This turbine had to be completely rebuilt after the breaking of 
the coupling attached to the shaft on which is located the main 
thrust bearing. This break allowed the turbine rotor to change 
its position so that the high-pressure dummies rubbed and seized, 
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causing an outage from March 11 to July 4, 1939. The General 
Electric unit has not been opened since it was installed. 

The Westinghouse unit has generated 420,000,000 kwhr and 
has an availability factor of 78.5 per cent. Since this machine 
was put back into service for regular operation on July 4, 1939, 
the availability factor has been 99.1 per cent. 

The General Electric unit has generated 355,000,000 kwhr 
and has an availability factor of 95.7 per cent. Since July 1, 
1939, the availability factor has been 99.2 per cent. 

Both units have steam admission at full periphery. The 
Westinghouse unit has carried a maximum load of 49,000 kw; 
the General Electric unit 51,000 kw. At present, these units 
operate at 48,000 kw due to a high back pressure at the turbine 
exhaust. This is a temporary condition caused by pipe-line 
changes necessary for the addition of two high-pressure units, 
one to be installed in 1940 and the other in 1941. 

The hydrogen-cooling equipment on both generators has given 
no trouble to date. 

Figs. 1 and 2 show the operation of units Nos. 4 and 5 from 
their starting dates to December, 1939. 


PERFORMANCE OF HIGH-PRESSURE BOILERS 


Two of the four Combustion Engineering Company boilers 
went into service September 10, 1937; one on June 29, 1938; 
and one on July 25, 1938. The availability factors for these 
boilers have been as follows: 


No. 4A boller.........cccue. 79 per cent 


There has been circulation trouble on these boilers in the sec- 
tional headers, side-wall and superheater tubes. During the 
first few months of operation there were two side-wall-tube fail- 
ures; this trouble was cured by welding sectionalizing plates in 
the intermediate waterwall headers. No trouble has been ex- 
perienced with these tubes since the sectionalizing plates were 
installed. One superheater tube in No. 4A boiler ruptured; it 
was found that the trouble was caused by improper alignment of 
the superheater. The trouble was eliminated by reducing the 
space between the superheater tubes and the boiler side walls by 
the use of Fahrite plates. 

Circulation trouble in the sectional headers developed as soon 
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as the boilers were brought to full rating. These sectional 
headers are made up of 4-high and 3-high sections placed alter- 
nately across the boiler. Trouble developed on both the 4-high 
and 3-high header tubes, the failures being due to the overheat- 
ing. Because of load conditions, it was impossible to make 
changes at that time so that the boilers were operated at 1150 
lb pressure with a maximum rating of 450,000 lb of steam per hr, 
at which rating no circulation trouble was experienced. 

Later, there were many experiments made by installing ori- 
fices or restrictors in the sectional headers and tubes; and changes 
were made to the baffling in the drum. These changes consisted 
of removing the screen-type washers, Fig.3, which were originally 
installed in the boilers for the Westinghouse unit, and installing 
bubble-type washers in their place. Another change consisted of 
a scoop kicker baffle over the 3- and 4-high sectional header 
downcomer tubes in the drum. Another change was a partition 
baffle. 

Several of these arrangements are illustrated in Figs. 4, 5, 
and 6. The present arrangement in the drum, Fig. 7, which was 
made about 2 months ago, consists of separate straight kicker 
baffles in front of the downtake tubes to the sectional headers. 
These kicker plates make use of the velocity head as well as the 
static head of the water in the drum, at the same time the steam 
is released upward. Also, three additional screens were placed 
in the drum ahead of the six original drying screens in order to 
help in the elimination of carry-over. Tests indicate that a total 
solid concentration of 800 ppm can be carried without excessive 
carry-over. The boilers are now operated at full load, full pres- 
sure, and full temperature, with a total solid concentration 
averaging 450 ppm. 

Extensive tests were made on these boilers after each change 
was made in the drum, and thermocouple readings were taken 
on each of the top tubes of the 3- and 4-high sectional headers. 
These thermocouple readings showed many variations. At 
times there were no hot tubes but an excessive carry-over and 
vice versa. Temperatures as high as 850 F were shown, the 
saturation temperature being 580 F. Hydrogen readings checked 
the high tube temperatures, indicating that dissociation was 
taking place. Also the carry-over was checked by the steam- 
temperature-recording chart and by a sensitive cell placed at the 
turbine exhaust; density readings were taken by measuring the 
head of water from the boiler drum to the mud drum. Unless 
further circulating trouble develops no further changes will be 
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made in these boilers, although there are several schemes which _ has been partially eliminated by decreasing the drop through the and al 
have been advanced. mill classifier from 2 to 3 in. which increases the primary air to The 

Considerable rerolling of tubes has been necessary since these the burners. This reduced the fineness of the coal from 80 to ice,’ 
boilers were put into operation, but the number is gradually 76 per cent through a 200-mesh screen. It is felt that this re chang 
diminishing so that at the present time it is seldom necessary to duction of fineness will not cause an increase in slag troubles and slag sy 


reroll a tube. that the increased primary air will reduce burner maintenance. oecasic 
A continuous blowdown system is used on these boilers so This change also reduces milling costs. vented 
that any desired concentration can be held within close limits. No trouble has been experienced with the use of gas for start- The 
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ie and an engineering study is being made to remedy this condition. addition, there are three men per watch of 8 hr each who are con- 
0 The continuous slag-tap arrangement has given very goodserv- _ tinually occupied in keeping slag off the boiler and superheater 
to ice. There have been a few instances, however, where due toa tubes. An engineering study is being made for the installation 
t change of coal, a great quantity of slag suddenly poured over the of retractable soot blowers to aid in the elimination of slag for- 
id slag spout which necessitated taking the boiler off the line on two mations. 
. occasions, and only quick action on the part of the operator pre- In addition to the Bailey meters, gas-sampling lines for each 
vented another shutdown. boiler were run to a central point on the operating floor whereby 
rt The cleaning of the boilers, superheaters, and furnace walls the operator can take snap samples of CO, in the boilers. It 
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FROM OCT 22,1939 


Fic. 7 Typricat ARRANGEMENT OF DruM STEAM WASHER IN THE 
LATEST STAGE 


boilers from time to time when it was found that the CO, was 
increasing to a point where the temperature would further ag- 
gravate the furnace conditions. At the boiler outlet, CO, is 
held at 141/: per cent. 

The carry-over from the boilers is relatively small and cannot 
be read accurately on any meter but, over a period of months, 
there is a gradual fouling of the turbines which necessitates 
washing. This washing is done by admitting 200-lb saturated 
steam to the turbine and operating it for a period of several hours, 
care being taken not to cool the turbine down at a rate of more 
than 100 F per hr. These washings have resulted in bringing the 
machine back to normal. 

Preliminary tests have been made on the quick pickup of 
these boilers and additional tests will be made to see what effect 
a sudden swing on this station will do to the boilers, particularly 
the water level. Preliminary tests indicate that no trouble will 
be experienced. The tests were made by running the General 
Electric turbine on one boiler and reducing the steam output of 
the boiler from 500,000 to 400,000 lb of steam per hr and then 
increasing the load on the turbine by rapidly operating the tur- 
bine control governor to the load corresponding to 500,000 Ib of 
steam on the boiler. This test was repeated at 400,000 and 350,- 
000 lb of steam per hr. An increase of not over 1 to 11/2 in. water 
level in the boiler was experienced which is not considered dan- 
gerous. Additional tests will be made. 

The pulverized-fuel mills have operated satisfactorily and no 
trouble has developed other than the usual maintenance, such as 
the replacement of mill rollers and rings after their normal ex- 
pected life. 

The other auxiliaries, such as air preheaters, fans, boiler feed 
pumps, precipitators, etc., have given some trouble, but nothing 
out of the ordinary. The slag conveyer from the pit under the 
boiler to the slag hopper has had a high maintenance, and an- 
other method of slag removal will be installed on the boilers for 
No. 3 and No. 4 high-pressure turbogenerators. 

A Zeocarb system for water softening, having a capacity of 
600,000 Ib per hr, was put in service 2 months ago. This system 
is used for make-up to the high-pressure boilers when steam from 
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the exhaust of the high-pressure turbines is sold to the New York 
Steam Corporation. This water has amounted to as much as 
25 per cent of the total water to the high-pressure boilers. 

On the whole, as indicated by the availability factors on the 
turbines, boilers, etc., even with the trouble as indicated, the 
high-pressure equipment at Waterside Station has operated in a 
satisfactory manner and it is felt that, since the boilers can now 
be operated at full capacity, an even better operating record will 
be made. 


Discussion 


E. G. Baitey.! With respect to boiler operation, the papers 
and discussion have repeatedly developed three general points 
as being troublesome in the case of some of the units covered in 
the operating experiences of the last two or three years. The 
design of these units dates back to 1936, when a diversity of 
topping units was purchased, many for limited space conditions 
and other requirements beyond the experience of either engineers 
or manufacturers. 

The three points most frequently mentioned are boiler cir- 
culation, carry-over in the steam, and slag. While the principles 
of circulation have been well known for a long time, there were 
many limitations in certain specific cases, such as a strong urge 
for a cheap unit and cramped space conditions, which resulted in 
unsatisfactory installations. These, however, have been recti- 
fied in situ, and some units, installed simultaneously with those, 
have been free from any circulation difficulties. We feel that 
the designs which are now being installed will definitely be free 
from circulation difficulties. 

There are times when impurities in the water and the forma- 
tion of scale are the cause of failures. It is believed that users 
and manufacturers will be able to distinguish between the differ- 
ent causes, and each will be able to meet satisfactorily the re- 
quirements and prevent outages due to tube failure in waterwalls 
and boilers. 

The second point, impurities in the steam, is also well along 
toward a much improved solution, through the use of improved 
baffling and steam cyclones in the steam-and-water drums. 
These have been installed in a sufficient number of places, under 
enough conditions, with different water analyses, to assure us 
that the steam can be made quite clean and, furthermore, that 
the steam can be separated from the water, as well as the water 
from the steam. 

The third point, slag, is one which cannot be so quickly sum- 
marized, because there is a diversity of coal and ash, with as 
widely varied characteristics. However, a great deal has been 
accomplished in the last 2 years toward surveying this condition 
more accurately and critically. It is believed that the improve 
ment in furnace design is along the direction in which the slag 
problem will be kept within limits for satisfactory operation, #! 
a minimum of cost for initial design, slag-cleaning equipment, 
steam consumption, and man-hours. 


C. C. Barraty.?. The high-pressure installation at our Schuy! 
kill Station consists of two Combustion Engineering Company, 
600,000-Ib per hr tangentially fired boilers, supplying a Westing 
house 50,000-kw 3600-rpm high-pressure turbine at 1250 Ib gage 
pressure and 900 F temperature, which exhausts into a low- 
pressure header at 230 lb per sq in. gage pressure and 550 F tem- 
perature, supplying low-pressure units having a combined ¢* 
pacity of 85,000 kw. 

1 Vice-President, The Babcock & Wilcox Company, New York 


N.Y. Mem. A.S.M.E. 
2 General Superintendent of Station Operation, Philadelphs 


Electric Company, Philadelphia, Pa. Mem. A.S.M.E. 
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DISCUSSION 


Boilers. Initial operation of the two high-pressure boilers 
began in September, 1938, and during the first year operated ap- 
proximately 80 per cent of the total time. Considerable trouble 
was experienced with the bunker-C fuel-oil burners installed for 
starting purposes, but this was finally corrected by installing a 
burner which has a fan-shaped spray employing either air or 
steam for atomization. Firing rings with directional air vanes 
are used with this burner. The boilers are fired with pulverized 
fuel, but the oil burners were used for a period of 1 month with an 
operating economy within 1'/2 per cent of that obtained with pul- 
verized fuel. The maximum rating obtained with 8 of these 
burners per boiler was 420,000 lb of steam per hr. No detri- 
mental effects were noticed throughout the boiler system. 

Leaks in the economizer-tube bends have been encountered, 
caused by faulty fabrication. These leaks were repaired by gas 
welding. 

Leaks in the water-column connections to the drums and 
flanged joints on the superheater-outlet headers were found 
to be due to improper bolting materials. These were replaced 
with chrome-molybdenum-tungsten A.S.T.M. 193 Symbol B-13, 
which have proved satisfactory. 

One floor tube failed due to erosion of iron in the slag and im- 
pingement of flame on the tube. The burner angle was changed, 
and no more trouble has been encountered. 

On both boilers the fins on the floor tubes around the slag spout 
burned off, allowing the slag to come in contact with the tubes. 
A water-cooling coil was installed around the slag spout, and the 
slag level was increased from 2 in. to 4 in. over the entire furnace 
floor. 

After about 2 months’ operation, the beams supporting the 
economizer in both boilers were found cracked and broken. 
These beams were made of Fahrite material and were replaced 
with beams of the same material, but were heat-treated for less 
brittleness. No more failures have occurred. 

Difficulty was experienced initially in maintaining the steam 
temperatures below the maximum operating limit of 925 F, at 
ratings over 500,000 lb of steam per hr. The following steps were 
taken: (1) Removed kicker baffles between the superheater and 
first bank of generating tubes; (2) lowered the front baffle 24 in.; 
(3) removed every other tile in the top row of the baffle below 
the superheater by-pass damper. However, it is still necessary 
to water lance the furnace walls and air lance the front bank of 
generating tubes daily to keep the steam temperature within the 
controlling range of the by-pass damper. 

Trouble was experienced with the carry-over when injecting a 
chemical solution at a rapid rate into the rear drum. This 
trouble was overcome by injecting a more dilute solution over a 
more extended time. Expected performance on the screen-type 
washers was not to exceed 2 ppm carry-over at 600,000 lb per hr 
with 500 ppm drum concentration. Boiler concentration is now 
being held below 300 ppm for total dissolved solids and the carry- 
over is running around 1 ppm. In an additional effort to im- 

prove the carry-over condition, 37 of the steam-circulating tubes 
between the two upper drums were removed. 

The Raymond bowl mills, each of 15 tons per hr capacity, 
based on 72 grindability coal, have given satisfactory service. 

The fan blades, however, have to be changed after about 15,000 
‘ons of coal. Different kinds of material were used, but it was 
found that the soft-steel blades have proved most effective. 

Considerable trouble has been experienced with the cast-iron 
bumer boxes, which have the Fahrite material tips. ‘Two boxes 
have recently been installed made of steel plate having the plate 
‘tending through the Fahrite casting so that if the joint between 
the Fahrite and the box becomes loose there would still be no 
leakage through the joint. These were installed only a short 
like ago, so we are unable to say how successful they will be. 
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No. 3 Turbine. The high-pressure turbine was operated initially 
on September 14, 1938, without the impulse blading and the 
generator was cooled with air. The maximum load with these 
conditions was 42,000 kw. 

Shortly after the initial operation, a severe rubbing was noted 
during the starting-up period. The turbine was dismantled and 
the spindle returned to the manufacturer’s shop. The radial 
seals were found to be worn about 0.05 in., and the low-pressure 
shaft seals were worn and pitted. New radial and shaft seals 
were installed at that time. Considerable trouble has been ex- 
perienced in the operation of the various governing devices. The 
machine is now operating satisfactorily on the back-pressure 
control and load-limiting device. The speed-governing mecha- 
nism is not yet functioning satisfactorily. 

On two occasions, outages were caused by thrust-bearing fail- 
ures, necessitating the installation of new thrust blocks. Changes 
in the design of the oil circulation were made to correct this con- 
dition. 

In February, 1939, the unit was dismantled for installation of 
the impulse blading with full peripheral steam admission. The 
axial and radial sealing strips were found badly worn, 3 first- 
stage nozzles were found broken, seals were damaged, and several 
valve seats were found loose. The unit was returned to service 
on April 27, 1939. Hydrogen cooling was installed at that time 
and the machine was loaded to 50,000 kw. 

The internal inspection at that time disclosed a heavy chemical 
deposit on the last 6 stages. Water-spray nozzles have been 
installed to permit washing of the blading with the turbine in 
service. Tests had indicated that the deposit could be removed 
by hot water or saturated steam. 

In order to determine any indication of further fouling of the 
blading by chemical deposit, a daily check has been maintained 
on the drop in pressure from the impulse chamber to the turbine 
exhaust for any given load, and is compared with a prepared 
curve of standard performance. A gradual increase in this 
pressure drop indicated that washing of the turbine was war- 
ranted, and this was done on October 15, 1939. 

Washing was carried on with the machine in service with 
about 1000 kw load. The machine was out of service about 10 
hr for other necessary work, and the casing reached a temperature 
of about 700 F. Before the throttle was opened, the steam tem- 
perature was reduced by desuperheating to about 680 F. The 
machine was brought up to speed and synchronized in the normal 
manner with 1250 lb pressure steam at this reduced steam tem- 
perature. Desuperheating water was gradually increased until 
the steam ahead of the turbine throttle reached a condition of 
10 deg superheat. Under this throttle steam condition, the 
exhaust steam was found to contain about 1 per cent moisture, 
and a conductivity cell in the exhaust indicated that the deposit 
was being removed. These steam conditions were then main- 
tained for a 5-hr period, at which time it was indicated that the 
washing had been completed. The steam temperature was 
gradually brought up over a 3-hr period to normal throttle tem- 
perature. The water washing indicated a decided improvement 
in performance, and preliminary tests indicate that the machine 
is about 2 per cent better than the guaranteed performance at 
50,000 kw load. 

Pressure-Reducing Valves. Considerable trouble has been 
experienced with the pressure-reducing valves due to excessive 
vibration. Each valve was designed for 600,000 lb per hr flow, 
and is now limited to 400,000 Ib per hr, and new valves of larger 
design will be installed. 

Tank Pumps. Tank pumps are used to pump the plant water 
from an atmospheric deaerator to the boiler-feed-pump suction 
at about 450 lb per sq in. The submergence of these pumps is 
30 ft. Three such pumps are installed. Three failures of 
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tank-pump shafts have been experienced, and these were re- 
placed with shafts of heavier construction. 

Drip Pumps. Three shaft failures were experienced on the 
2 drip pumps. The failures were due, apparently, to too light a 
design and also to a highly fluctuating supply of water from the 
flash tank. The water supply to the pumps was steadied by 
resetting the drainer on the flash tank to operate within closer 
limits. The new shafts were of a heavier design. 

Boiler Feed Pumps. Three turbine-driven boiler feed pumps 
are installed. Considerable trouble was experienced with shaft 
packing. Cooling water fed to the lantern gland apparently 
corroded the gland and attacked the shaft sleeve. Elimination 
of water feed to the lantern gland and substitution of a flat metal 
ring in place of the lantern gland have removed that source of 
trouble. 

Leaking joints on the balance drum and stuffing-box bushing 
have occurred from time to time. The original copper (asbestos- 
insert) gaskets have beén replaced by solid-metal gaskets. 

On two occasions, a check valve on the pump discharge failed 
to close when the pump was taken out of service, resulting in 
reversing the pump and slight damage to the thrust bearings. 

Automatically operated recirculating valves were provided to 
limit the minimum flow to 100,000 Ib per hr, and these have 
given satisfactory service. 

Deaerators. The atmospheric deaerating heaters have given 
very good service, and no trouble has been experienced in main- 
taining feedwater with zero oxygen content. 

Evaporators. Double-effect evaporators are used which utilize 
steam bled from the high-pressure boiler-feed-pump turbines. 
Either effect can be run separately as a single-effect evaporator. 
A great deal of trouble has been experienced with the performance 
of these evaporators. Cracking-down was not sufficient and it 
was necessary to clean the coils by hand. Since that time, the 
shell water has been continuously treated with soda ash and city 
water has been used in place of river water, with a continuous 
blowdown of about 20 per cent. 

Tests are being run by the manufacturer to determine whether 
or not these evaporators can be kept clean by the cracking-down 
process, without chemical and evaporating river water. How- 
ever, we are of the opinion that this cannot be done, and plans 
are being made to install a zeolite softener ahead of the evapo- 
rator. 

In conclusion, it is felt desirable to point out the fact that the 
difficulties encountered with this high-pressure high-temperature 
installation have been no greater than would normally be ex- 
pected in placing another plant in operation where the steam 
conditions were of a more moderate nature. 


C. B. Campsetu.? In this Power Panel discussion frequent 
reference has been made to the matter of carry-over from the 
boiler, with the resulting scale deposits in the high-pressure tur- 
bines. Deterioration of turbine capacity and efficiency have 
been mentioned. These are the obvious effects of restricting 
steam passages through the turbine blading. Of even greater 
importance, however, is the fact that depositing scale through 
part or all of the turbine blading changes the pressure distribu- 
tion and, therefore, the net axial thrust on the rotor. This was 
the fundamental cause of the two thrust-bearing failures on the 
Schuylkill Station turbine mentioned by Mr. Baltzly. 

It is evident from inspection of several installations that carry- 
over and blade deposits can be controlled so that washing is 
seldom, if ever, required. This entails constant vigilance, as 
once scale is deposited it will not be removed again by normal 
operation. In isolated cases, deposits have been cleared by 


8 Manager, Land Turbine Engineering, Westinghouse Electric & 
Manufacturing Company, Philadelphia, Pa. Mem. A.S.M.E. 
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shutting down long enough for the turbine to cool. The washing 
process, one scheme for which was described by Mr. Baltzly, 
has proved effective and may be safely performed when care- 
fully planned and executed. 

First-stage blade failures have occurred in high-pressure super- 
posed turbines of large capacity, some of which were mentioned 
in the papers and in discussions. Experimental development 
is now confirming a logical mathematical analysis of the problem. 
As the next step in this development and its proof, the writer’s 
company, with the valuable cooperation of the Philadelphia 
Electric Company, is installing a single-stage turbine at the 
Schuylkill Station, where superposed-turbine operation will be 
duplicated at full scale. The method of attacking the problem 
has been such as to investigate it fundamentally and for applica- 
tions in the future at steam pressures beyond those with which 
this symposium was concerned. 


J. M. Drapevie.‘ The value of papers dealing with actual 
operating experiences with high-pressure, high-temperature 
stations cannot be overestimated. Theoretical considerations 
involving so-called studies of performance and economics are one 
thing but the acid test is “how does it work?” For the Society 
to have the benefit of actual operating experiences is invaluable 

At the Cedar Rapids Station of the Iowa Electric Light and 
Power Company, a high-pressure high-temperature topping unit 
was installed. Originally the boiler was fired with a stoker which 
proved to be unsatisfactory in performance due principally to 
difficulties with the high-ash, low-fusion-ash western coal, and 
also a length factor which resulted in a badly disturbed fuel bed 
as compared to the fuel-bed performance on smaller stokers 
The boiler was changed over to pulverized coal and since that 
change has been operating with entire satisfaction. The back- 
pressure control on the turbine has performed satisfactorily. 

The principal problem in connection with the operation oi 
this unit is on account of the large amount of steam fed to the 
central heating system which results in high make-up water 
Data on this matter will be developed during the winter season 
and will be made available to the Society at the next Power Pane! 
discussion. 


F. P. Farrcuitp.. The superposed unit at the Essex Gener- 
ating Station of the Public Service Electric and Gas Company 
has been in operation approximately 17 months. This installs- 
tion consists of a 50,000-kw General Electric turbine generator, 
designed for 1250 lb per sq in., 950 F at the throttle, and two 
Babcock & Wilcox Company boilers, each having a maximut 
capacity of 605,000 Ib per hr, equipped with Foster-Wheele: 
Corporation Hardinge mills. The turbine exhausts at a constant 
pressure of about 225 lb, per sq in. into the station header. Addi 
tion of this unit has increased the capacity of the station from 
193,000 kw to the present 243,000 kw. 

The turbine is a 6-valve double-casing machine directly cot 
nected to a hydrogen-cooled generator operating at 3600 rpm. 

The boilers are of the radiant type, with the generating and 
superheater tubes arranged essentially vertically, designed {0 
direct pulverized-coal or fuel-oil firing. 

During the first 2 months of operation the boilers were fired 
with fuel oil. Then for a period of approximately 7 month 
pulverized coal was fired regularly. This has been followed by 
fuel-oil firing, extending from April 1, 1939, to the present time 
The type of fuel used depends upon the current fuel prices. 

Considering the total elapsed time since the date of initial oF 


4 Consulting Engineer, Iowa Electric Light and Power Compa. 
Cedar Rapids, Ia. Mem. A.S.M.E. 
5’ Chief Engineer, Electric Engineering Department, Pubit 
Service Electric and Gas Company, Newark, N. J. Mem. A.S.M£ 
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eration, the turbine has been in service 92 per cent of the time; 
the first boiler has been in service 83 per cent of the time; and 
the second boiler 88 per cent of the time. 

Disregarding the first 6 months of operation, which may be 
considered as a preliminary adjustment period, and considering 
oly operation from January 1, 1939, up to the present time, 
the turbine has been in operation 97.5 per cent of the time; the 
frst boiler in operation 90 per cent of the time; and the second 
boiler in operation 91.1 per cent of the time. 

Fig. 1 on this page indicates the relative monthly loading of the 
Esex Generating Station and monthly station heat rates from 
Jan. 1, 1938, to Oct. 31, 1939. This includes a period before the 
superposed unit went into service as well as the period since 
the superposed unit has been operating. It will be noted that 
the new unit was put into service during July, 1938. The aver- 
age station heat rate decreased from a monthly average of ap- 
proximately 21,000 Btu per net kwhr to values of between 13,000 
tnd 14,000 Btu per net kwhr in the most favorable months. As a 
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result of this improvement, the station loading was increased 
from approximately 40,000 kw to 120,000 kw. The station heat 
rate depends upon the portion of the total load carried by the 
low-pressure boilers. 

Fig. 2 on this page shows a typical month’s operation of the 
station with the superposed unit in service. The upper curve 
shows the average daily load throughout the month, the dips in 
the curve being the week-end periods. The middle curve in- 
dicates the portion of the total fuel burned in the low-pressure 
boilers of the station. The lower curve indicates the average 
daily station heat rate for the same period. 

The unit has operated at the design pressure since the start. 
However, the steam temperature has been limited to 925 F to 
build up a background of experience at this temperature before 
going higher. With superheat control this lower-temperature 
operation is simply a matter of damper operation. Thus far 
there have been no indications of trouble from 1!/2 years of opera- 
tion at 925 F. It is anticipated that the temperature will be 
raised to 950 F if, at the next inspection of the unit, no evidence 
of trouble from the present operating temperature exists. 

The cover of the turbine has not been lifted for about 13 
months, but a complete inspection is scheduled for the spring of 
1940. 

The boilers, being of a new design, received considerable at- 
tention during the preliminary and early operating periods. 
Extensive testing equipment for measuring circulation, density 
of steam-and-water mixtures in various parts of the unit, water 
levels, and temperatures was installed. It is believed that this 
careful check, carried on principally by the boiler manufacturer, 
was in a great measure responsible for certain troubles not de- 
veloping to a point where forced and serious shutdowns might 
have occurred. 

Early operation of the boilers developed several things which 
were not right. Water-level detectors in the drums showed 
that levels indicated by the gage glasses were not true levels. 
Due to the low density and extremely turbulent condition of the 
mixture in the drums, only a limited rating, about two thirds the 
steam-water expected maximum, was possible without carry-over. 
The low-density mixture in the drums also resulted in considera- 
ble steam being carried into the downcomer pipes and thus re- 
duced the circulation of solid water. Although there were no 
tube failures, except a few leaks in shop welds of economizer 
tubes, the ratings on the boilers were limited to a safe point. 
Installation of cyclone separators in the two drums of each boiler 
completely corrected the circulation and carry-over difficulties. 
Since installation of this equipment, it has been possible to 
operate the boilers at full load with solids in the steam under 1 
ppm at boiler-water concentrations as high as 1400 ppm. Opera- 
tion with higher concentrations may be possible, but there has 
been no occasion to carry over 600 ppm regularly. 

During early operation, measurements indicated that the tem- 
peratures of the top sides of some of the furnace-floor tubes were 
considerably in excess of the saturated-steam temperature. This 
was due to steam pockets in the upper part of the tubes caused 
by insufficient circulation in the relatively flat tubes. Installa- 
tion of diaphragms in the floor headers to improve water dis- 
tribution, installation of cores in the floor tubes to increase water 
velocity, and baffles in the downcomer inlets to reduce the 
steam-water ratio in the downcomer pipes were inadequate to 
improve the floor-tube temperature condition appreciably. 
Solution of this trouble has been the installation of a water-cooled 
dam at the slag-drip ledge, in order to carry a slightly higher 
slag level on the furnace floor, with a resulting reduction of the 
heat input to the floor tubes. 

Slagging of the heating surfaces of the unit has not been a seri- 
ous problem. However, several alterations to the original 
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soot-blowing equipment have been made to improve the cleaning 
facilities. The first few rows of close-spaced superheater tubes 
showed a tendency to bridge across with a spongy form of ash with 
coal firing. No soot blowers were originally provided for this 
section of the superheater and, during the early period of opera- 
tion, steam lancing was necessary to keep these tube spaces open. 
Later installation of telescopic and retractable blowers at this 
point eliminated the trouble. Steam at 225 lb pressure is used 
on most of the soot blowers, but on the superheater by-pass 
blowers it was found necessary to change to 450-lb pressure 
steam to provide effective cleaning. Retractable blowers on the 
furnace walls have proved valuable in maintaining equilibrium 
conditions in the furnaces. 

Recent operation with fuel-oil firing has shown a tendency for 
the gradual depositing of a hard slag in the first section of the 
superheater. This slag is made up principally of vanadium 
oxide and sodium sulphate, and knits very tightly to the tubes. 
The soot blowers seem ineffective in removing it. It has been 
necessary to take the boilers from service at about 2-month inter- 
vals to hand clean this slag from the superheater tubes. 

Thus far no harmful effects of the 925 F operating steam tem- 
perature have been found in any of the materials or equipment in 
the superheated-sieam system. As a matter of inspection and to 
obtain some idea of the effects of 1'/: years of operation on the 
superheater-tube material, a section of one of the front legs of a 
superheater element was recently cut out. Internal inspection 
of the tube showed no evidence of corrosion, and photomicro- 
graphs showed no harmful effects to the metal structure during 
this period. 

As a whole the entire unit, both turbine and boilers, has per- 
formed favorably. In the two new plant extensions which this 
company now has under construction, that is, at the Burlington 
Generating Station and the Marion Generating Station, equip- 
ment of similar design to that at Essex will be installed. 


J. C. Hopss.* “Topping” experience over 10 years has con- 
vinced the writer that most troubles are chargeable to poor engi- 
neering and can be avoided. An analysis of the various reports 
submitted today on other installations emphasizes a fundamen- 
tal often overlooked, namely, that the best way to eliminate 
trouble with a particular feature is to eliminate the feature. It 
is sometimes possible to eliminate the entire piece of equipment. 
The writer’s experience involving three sets of topping units 
confirms the great value of this policy. The elimination of those 
features which have been reported as causing trouble in other in- 
stallations has made each successive higher-pressure topping unit 
more reliable than the former, in spite of the greater potential 
hazards. Briefly, the aim should be extreme simplicity in design, 
maximum availability for inspection, with a minimum of parts 
and time required for dissembly. 


C. H. Spresier.’ The following are the essential particulars 
of the installation at the Millers Ford Station of the Dayton 
Power and Light Company, Dayton, O., upon which the writer 
will discuss the operation experience for the period from Septem- 
ber 15, 1937, to September 15, 1939. 

The superposed plant incorporates 2 Babcock & Wilcox steam- 
generating units having an output of 375,000 lb of steam per hr 
at 1250 lb per sq in. pressure and 900 F total temperature. One 
30,000-kw General Electric turbogenerator set is installed operat- 
ing on 1200 lb per sq in. 900 F steam, exhausting at 230 lb per 
sq in., and 500 F. 


* Vice-President, in Charge of Manufacturing, Diamond Alkali 
Company, Painesville, Ohio. Mem. A.S.M.E. 

7 Results Engineer, Columbia Engineering and Management 
Corporation, Cincinnati, Ohio. Mem. A.S.M.E. 
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Originally the low-pressure plant consisted of three 1373- 
hp boilers delivering steam at 230 lb per sq in. pressure and 550 
F (these boilers have been removed); and six 1965-hp boilers 
having the same steam conditions. Turbine generators include 
two 12,500-kw, three 20,000-kw, and one 25,000-kw machines, 
all operating on steam at 230 lb per sq in. pressure and 350 F, 

An outline of the difficulties experienced during the first few 
months’ operation of the Millers Ford high-pressure topping 
plant was given at the Power Panel discussion at the December, 
1937, meeting. Those difficulties have been satisfactorily cor- 
rected. The reliability of this installation is now considered to 
be at least as good as that of the low-pressure plant. The tur. 
bine was operated for 16 months with only routine maintenance; 
the internal inspection at the end of that period found the ma- 
chine in perfect condition. Operating periods of the steam-gen- 
erating units of 4 or 5 months’ duration have been obtained, and 
the operating department can see no reason why these periods 
should not be extended to 6 months. 

The economy expected has been realized. This plant. prior 
to the installation of the topping unit had a heat rate of 20,000 
Btu per kwhr net generated send-out. With the topping unit 
supplemented by generation from the low-pressure boilers, the 
heat rate for the first 10 months of 1939 was 15,075 Btu, the 
best month being 14,000 Btu. The over-all steam-generating- 
unit efficiency for the 10-month period was 87.5 per cent. 

A second high-pressure topping installation is now being made 
at this station. The new equipment will duplicate the present 
installation. Changes will be few and of minor nature as follows 
The steam-generating units will have more cooling surface in the 
uptake waterwalls which will be accomplished by installing 2 "/:- 
in-outside-diam tubes between the 3!/,-in-outside-diam tubes 
which are on 6-in. centers. The only Bailey block to be used in 
the furnace will be installed on the slope of the downtake water. 
walls and below burners. Cyclone separators in the drums wil 
be used in place of the present sprays and baffling. 

The forced- and induced-draft fans will have approximately 
15 per cent greater capacity. The Cottrell precipitators wi 
have 34 ducts instead of 26 ducts as in the present installation 


TURBINE-GENERATOR OPERATION 


The topping turbine was operated until June 1, 1938, with i 
maximum load limited to 25,000 kw. The present limit of 30,00 
kw became effective on that date. During the 2-year perio. 
the topping unit has been available 92.37 per cent of the tim 
It has operated 87.28 per cent of the time and has a capacity fs 
tor of 45.09 per cent. Practically all of the inoperative ava- 
able hours are charged against taking the turbine off to put: 
high-pressure boiler into service. 

When the station load is such that the load on the toppitt 
unit is less than 25,000 kw, there normally are no low-pressv™ 
boilers in service. The exhaust is regulated manually by % 
switchboard operator during these periods. As the load on 
topping unit approaches 25,000 kw, low-pressure boilers 
brought onto the line. Additional station load is picked up ™ 
these boilers until they have enough margin to regulate the pr 
sure. Then the topping unit is loaded to its maximum wh 
is normally 29,000 kw. The reverse procedure is followed w># 
the station load is decreasing. 

There have been three major turbine outages, as follo® 

1 February, 1938; the only indication of trouble was 8 = 
stantial increase in pressure on the first stage. The turbine ™ 
continued in operation under this condition for several days * 
fore it was decided to make an internal inspection. Upo. * 
spection it was found that a small section of the first-stage bs” 
shrouding had failed, Fig. 3. The section which had bros 
away was about '/, in. wide and 6 in. long. A 5-blade see 
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Fic. 4 New First-StaGe BLaDING AND SHROUDING; SECOND AND 


THIRD STAGES REBLADED 


was attached to the shroud or cover plate by the usual rectangular 
tenons. New first-stage blading, Fig. 4, was installed with two 
round tenons and the new shrouding was considerably heavier. 
The blades on the secend- and third-stage wheels had also been 
damaged and were replaced. Heavy deposits of boiler carry-over 
were found on the blades in the lower stages. Changes on the 
economizers and in the drums were completed during this turbine 
outage, which reduced the solids in the steam to less than 0.5 
ppm. 

2 This outage occurred in May, 1938, at the request of the 
manufacturer to inspect the new shrouding which had been 
installed. Everything was found to be in a satisfactory condi- 
ton. The blades at this time were free of deposit. No changes 
Were made. 

3 An outage occurred in September, 1939, to install a new 
totor Fig. 5, having blades with integral shroud caps and shroud- 
ig attached to the caps with single rectangular tenons. A 
thange was also made in the high-pressure packing for the pur- 
bose of reducing the thrust. The thrust bearing was revamped, 
%& precautionary measure, to provide greater capacity in both 
directions, 

No trouble had been experienced with the old thrust bearing, 

changes were made at the request of the manufacturer. 
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The turbine was found to be in a satisfactory condition in every 
particular. The deposit on the blades after 16 months of opera- 
tion since the last inspection was negligible. 

This machine has always operated very smoothly. Vibration 
has never been a problem. 

All other outages have been of a minor nature. 

The rotor which was removed, although in perfect condition, 
is to be changed to duplicate the new rotor and will be used in the 
turbine now on order. 

The only protection provided against overheating with loss of 
load is the temperature control of the dampers above the econo- 
mizer passes. This control is designed to maintain 900 F inlet 
temperature or a maximum of 575 F in the steam leaving the 
turbine. 

The rise in exhaust temperature, when the turbine is taken off 
the line, does not exceed 100 F. 

The back-pressure governor is not used for normal operation. 

Hydrogen consumption during this 2-year period has averaged 
36.9 cu ft per day. For the month of June, 1939, the consump- 
tion went up to 52.8 cu ft per day. With the elimination of 
leaks, the consumption of hydrogen has been brought down to 
25.6 cu ft per day and this rate has been maintained since June. 

A reverse-power relay prevents the generator from motoring. 
The only trouble experienced with the electrical parts of the unit 
was with the brush holders on the pilot exciter. 


OPERATION OF HiGH-PRESSURE BOILERS 


From Table 1, it is apparent that boilers No. 7-1 and No. 7-2 
would have had an availability of 85.6 per cent and 86.3 per 
cent, respectively, except for other causes not attributable to the 
boilers. 


Alterations and repairs include changing the economizers from 
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TABLE 1 OPERATING RECORD OF HIGH-PRESSURE BOILERS 
Boiler No. 7-1 Boiler No. 7-2 


May 3, 1937 July 27, 1937 
Availability from Per cent er cent 
start to Dept. 16, 1080... 6.1 80.7 
Alterations and repairs................ 14.4 13.7 
Hydraulic couplings.................. 1.9 ear 


parallel flow to a combination of parallel-counterflow, changes of 
the baffles, sprays, etc., inside the drum, seal welding of econo- 
mizer tubes in the drum and headers, changes in the construction 
of the furnace corners to obtain a better seal, cap leaks, internal 
cleaning, etc. 

During the first year of operation, heavy sludge and analcite 
scale formed in the generating tubes and waterwalls. Frequent 
turbining was necessary. The principal cause of this difficulty 
was condenser leakage, which could only be corrected by retubing 
3 condensers. In the meantime it was decided to use the Akon 
treatment. The Akon treatment was started July 27, 1938, and 
was fed at the rate of 2 ppm with a pH of 11 in the boiler water. 
The next internal inspection disclosed that several of the steam- 
generating tubes were deeply corroded and had to be replaced. 
The next inspection about 2 months later showed a similar con- 
dition. The Akon was then reduced to 1 ppm and the pH of the 
boiler water raised to 11.5. Under these conditions the rate of 
corrosion was materially accelerated. Two forced boiler outages 
were then caused by tube corrosion. The tubes which blew 
through were in each instance No. 5 tube in No. 7-1 boiler. The 
second outage occurred 33 days after the tube had been replaced. 
The Akon treatment was discontinued March 27, 1939; since 
that time no further corrosion has been noticed. 

At present, the feedwater has a pH of 6.9 and a concentration 
of 1 ppm of solids. A blowdown of 0.1 per cent maintains a 
boiler-water concentration of about 150 ppm solids. 

A typical analysis of boiler water at present is: 


Boiler water 


Analysis solids, ppm 


A United States Bureau of Mines embrittlement tester has 
not indicated caustic embrittlement to be a problem. 

Disodium phosphate is the only chemical added to the feed- 
water. The addition of a chemical to scavenge oxygen has not, 
as yet, been necessary. 

The operation of soot blower, retractable slag blowers (added 
to original installation) and hand lancing require one man per 
8-hr shift, which operations are generally effective. The coal 
used has an ash with a fusion temperature of 2850 F. 

Traces of corrosion are evident on the upper rows of air-heater 
tubes on the gas side, air-inlet end. Its extent varies from a 
fraction of an inch in length on the lower of the affected rows, to 
as much as 2 ft on the upper row. It is not at all serious and no 
special effort is made to prevent it. Effective cleaning of the 
gas passages is accomplished by 6 valve-in-head revolving soot 
blowers. 

The 6 Babcock & Wilcox type-B pulverizer mills have per- 
formed satisfactorily. Maintenance has been limited to replac- 
ing feeder plates, belts, three pinion shafts and adjustment of 
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ball-spring tension. No balls have been replaced although one 
mill has pulverized more than 80,000 tons. The original car- 
borundum feeder plates have been replaced with a sectional 
plate having carborundum imbedded in the metal. This plate 
wears better and sections can be replaced without a major out- 
age on the mill. Air lines, installed to blow debris from the ledge 
below the stationary ring, caused trouble and were removed, 
An inclined plate which guided coal from the spout to the belt 
on the Richardson scales was moved to a more vertical position 
to prevent wet coal from arching over and failing to move down 
to the belt. Mill fineness is generally greater than 80 per cent 
through a 200-mesh sieve. Mill power varies from 18 to 18.5 
kwhr per ton. 

Two major failures of the hydraulic couplings have caused 
forced boiler outages. The first failure was on a forced-draft 
fan, in which the coupling was demolished, caused by the failure 
of the thrust bearing, located within the coupling. This thrust 
bearing was relocated on the outboard bearing of the motor. 
Trouble with this bearing on an induced-draft-fan coupling 
caused another outage. This time, however, the damage was 
limited to the internal thrust bearing. 

The gas-burner lighters have been satisfactory in every re- 
spect. No trouble has been experienced with the stability of the 
flame at any load. 

Arcing and burning off of electrodes on the electrostatic pre- 
cipitators was corrected by changes in the design of the electrode 
shrouds and rapping mechanism. Low efficiency of dust re- 
moval was improved by installing baffle plates on inlet- and out- 
let-gas passages, addition of perforated plates to rod curtains 
and elimination of gases by-passing the cells by placing vertical 
baffle plates in each hopper under the cells. 

Boiler-feed-pump outages have resulted from trouble with 
shaft-packing sleeves; erosion at breakdown bushing; leakage 
at horizontal casing joint, slow leaks from stud hole in casing 
flange. All outages on the feed pumps were scheduled. The 
excess-pressure regulators and the 1200-lb 900-F turbine drives 
have performed satisfactorily. 

Carry-over was encountered in the initial operation of the 
double-effect Foster-Wheeler evaporators. Make-up water, 
erratic in quality, and in the amount of suspended matter from 
an overloaded softener, made the internal treatment and blow- 
down regulation difficult in the evaporators. Lime deposits 
fouled the steam scrubbers and gill separators. 

The installation of a new 5000-gal per hr Cochrane hot-process 
lime-soda softener, replacing the old smaller softener, now pro- 
duces a uniform and suspended-matter-free make-up water. 4 
hood placed over the scrubber box eliminates flooding the 
gill steam-separator chamber. Continuous surface blowdown 
through a manifold extending across the evaporator shell and 
weekly cracking with cold water keeps the evaporators clean and 
free of scale. Internal treatment of Hagan phosphate and tannin 
is fed intermittently to the suction of the evaporator feed pumps. 
Carbon dioxide in the second-effect coil severely corroded the 
copper float of the discharge trap. A stainless-steel float ap 
pears to be satisfactory. About 24,000 lb per hr is the usual rate 
at which the evaporators are operated. With 10 per cent blow- 
down, the evaporator steam contains less than 1.5 ppm of solids. 

The condensate and make-up pass through Worthingto® 
deaerating heaters. No trouble has been experienced with the 
float valves which control the flow of condensate to the heater. 
The deaeration is effective. A pressure-reducing valve aute 
matically makes up for any deficiency in the 5-lb exhaust-stea” 
supply to the deaerators. 

The high-pressure feedwater heater is a horizontal, lockhead, 
4-pass type with */,-in-outside-diam, No. 10 B.W.G. arsenical 
copper tubes. The heater is located on the discharge side of the 
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high-pressure boiler feed pumps and receives its steam from the 
boiler-feed-pump turbines exhaust. Most of the maintenance 
has been caused by gasket leaks and fouling of the water side of 
the tubes. Slight leaks developed and some of the tubes were 
rerolled. The pipe flanged joints at the inlet- and outlet-water 
connections have developed leaks from time to time. Slight 
grooves have been found in both the male and female flanges at 
one time or another. These were repaired and the joints seem to 
hold satisfactorily. 

A deposit on the water side of the tubes, about 1/15 to 1/¢ in. 
thick, largely composed of calcium ortho phosphate, decreased 
the heat-transfer efficiency of the cross-over heater. Since the 
evaporator performance was improved, condenser leakage cor- 
rected and boiler-water recirculation eliminated, no appreciable 
deposits of calcium ortho phosphate have been noted. 

The high-pressure reducing valve first installed was unsatis- 
factory. Excessive vibration caused linkage failures and the 
fracture of the valve stem. This 6-in. valve was replaced with 
an 8-in. valve of much heavier construction, the capacity rating 
remaining the same, namely, 390,000 lb per hr. The new valve 
has performed in a satisfactory manner but is still noisy. On 
occasions when the valve is used, it is operated manually by re- 
mote control from the boiler control board. 

The Bailey 3-element feedwater control maintains a stable 
water level ever since the changes were completed on the econo- 
mizer. Before the changes were made the boiler had bad swing- 
ing water levels. 

The Leeds & Northrup superheat control has performed 
satisfactorily. The Leeds & Northrup combustion control also 
performs satisfactorily since the closed manometers using oil 
were installed in place of the inverted bells. Formerly a de- 
posit formed on the bells, causing the control to become slug- 
gish. With large changes in the turbine load, the change in the 
pressure drop from the drum to the turbine inlet must be com- 
pensated for manually on the master control. 


G. B. Warren.’ To the writer, one of the most significant 
things developed by the discussion of this subject is that the 
reliability of the high-pressure high-temperature steam turbine 
is approaching that of the older low-pressure turbine, at least 
after the initial difficulties with the high-pressure turbines have 
beenovercome. Availability factors of 96 to 98 per cent have been 
frequently mentioned. 

Surveys of the Edison Electric Institute figures on turbine 
outage made at intervals have indicated that the outage record of 
the older high-pressure superposed turbines in service from 7 to 
10 years now is better c1 the average than that of the low-pres- 
sure turbines of comparable age, and bear out this recent ex- 
perience. 

Another situation which may be of interest in this connection 
isthat, based upon comparisons which we have made, the present- 
day materials in these high-pressure high-temperature turbines 
are being worked more conservatively than were the then avail- 
tble materials in use on lower-pressure and lower-temperature 
turbines 10 and 15 years ago. This is largely due to our increased 
knowledge of creep and other properties of materials at high 
‘mperature and our definite endeavor to keep within the limi- 
lations so imposed. This is quite in contrast to the situation 
which prevailed in the earlier period, when we had by no means 
% much information on the behavior of the materials we were 
then using at the temperatures which were coming into general 
‘pplication. 

On the other hand, a word of caution might be in order on 
the tendency of materials to rupture under low strains when 


"Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 
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subjected for long periods of time to temperature and stress, 
a fact which the industry has only recently commenced to ap- 
preciate. 

A few years ago we thought that the phenomenon of creep 
gave us an additional safety factor in that it tended to equalize 
stress, but now we are beginning to learn that, apparently, the 
excessive localized strains so resulting might be such as to start a 
rupture which would be hazardous so far as our present knowledge 
and observation go. Present practice with respect to tempera- 
tures and stresses is such we believe, as to preclude any serious 
consequences from this situation. Extensive studies are under 
way in the writer’s company and in other places to accumulate 
additional knowledge relative to this situation. In the mean- 
time, all designs are being scrutinized with this factor as well as 
the creep situation in mind. 

The first-stage-bucket situation and, from the standpoint of 
the writer’s company, the first-stage-bucket-cover situation 
primarily, have been matters of considerable concern. We feel, 
however, supported now by considerable operating experience 
on several turbines, that this situation is well in hand. 


Louis Extuiorr.’ Concerning experience at Deepwater Sta- 
tion of the Houston Lighting & Power Company, at Houston, 
Texas, during 1932 a topping extension was put into operation 
in this plant, which previously contained 135,000 kw in 325-lb 
turbines; this was among the earlier examples of high-pressure 
superposition plants. As the installation has been described 
both in technical papers and press, the present discussion is brief. 

Equipment includes a 12,000/15,000-kw 1260-lb 710-F turbine, 
with steam-to-steam reheat in condensing and thoroughfare 
heaters, raising high-pressure turbine exhaust to temperature of 
steam in low-pressure header. Steam-generating plant comprises 
two 375,000-lb per hr 1350-lb 850-F gas-fired boiler units with 
economizers and air heaters. In 1930, when engineering on 
Deepwater extension was under way, American experience with 
utilization of temperatures above 750 F was quite limited, and 
manufacturers were not offering as standard equipment turbines 
adapted to a temperature much higher than this. 

One or more low-pressure boilers are always in operation, sup- 
plying 325-lb steam “‘in parallel’ with exhaust from topping tur- 
bine. An automatic by-pass is provided around high-pressure 
turbine, and this has functioned successfully upon the few oc- 
casions when the machine has tripped off. 

Both boilers and turbines have shown good availability, and 
have been run under high average loads; contributing to this 
possibility has been large capacity upon which high-pressure unit 
is superposed. Boilers have shown outage hours, largely oc- 
casioned by necessary work on these units, totaling less than 6 per 
cent over recent 4.5-year period; there has been only about 4 per 
cent boiler outage during the last year. Turbine outage has 
averaged 1.4 per cent in same 4.5-year period, and less than 0.3 
per cent during best year. For entire time since installation was 
placed in service, outage of high-pressure boilers has averaged 
about 12 per cent, and of topping turbine approximately 6 per 
cent of elapsed time, largely due to work on unit in first year. 

Total generation by high-pressure unit since 1934 has aggregated 
500,000 megawatthours, equivalent to an average generation of 
12,800 kw (when operating); this means a unit output factor of 
106 per cent based on 0.8 pf rating, or 85 per cent based on 1.0 pf 
rating. For the entire operating time since early in 1932, the 
average generation has been 11,900 kw, or nearly the 0.8 pf 
rating. 

Lower availability of boilers and turbine during first year of 
operation resulted from the usual difficulties incident to starting 
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up new equipment, and from a variety of troubles, caused par- 
ticularly by the high pressure and by the limited experience of 
manufacturers in designing equipment for high-temperature 
high-pressure service. Apparatus troubles were experienced with 
heat exchangers, boiler feed pumps, and feed-line gate valves. 
High-pressure piping joints, which were of the flange type and of 
special carefully worked out design, were unusually successful; 
however, considerable trouble was experienced with high-pressure 
joints in equipment until proper operating procedures were de- 
veloped. The record since 1934 shows that the early difficulties 
have been corrected, and details concerning them would hardly 
be worth giving at this time. 

In view of blading deposits in low-pressure turbines when higher 
boiler concentrations were permitted, total solids in boiler water 
are now kept at about 400 ppm, with 100 ppm total alkalinity 
and 10.8 pH value. Silica is maintained at or below 15 ppm, and 
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it has been found practicable to maintain sulphate carbonate 
ratio of 3:1. 


Mr. Sporn’s CLOSURE 


The discussions of the papers on ‘Two Years’ Experience 
With High-Temperature High-Pressure Stations” confirm my 
informal introductory remarks at the Annual Meeting of the 
A.S.M.E. in Philadelphia. They show that this group of sta- 
tions or units which had initially been thought of as ultradaring 
has become almost commonplace because of their gradual and 
natural integration with their systems until they are just other 
stations or units on the line. This is most gratifying. But let 
us not forget that they now can serve as another starting point 
for further advances in the art of power generation, advances 
that must and will proceed inevitably, regardless of the reluctance 
of any company or group of companies to keep up with progress. 


porati 
In tl 
nitude 
quency 
import 
therefc 
Simi 
becausi 
ment a 
The 
air mix 
so the 
plant w 


The 
was lai 
tinued j 

The | 
capacity 
contains 
is Temoy 
external 
three m 
pressure 
system ¢ 
separatic 
vented 
dust was 
given in 
One to 
vented 
Scape fr 


Th 
pulv 
solvir 
syste: 
Stean 
Is 
lli 
| 
esea 
‘search, 
Contrib 
Somry 
Now: 
inderstooc 
tooc 
i 


Characteristics of Cloth Filters 
on Coal Dust-Air Mixtures 


By A. R. MUMFORD,! A. A. MARKSON,? ano T. RAVESE,* NEW YORK, N. Y. 


This paper deals with the installation, operation, and 
maintenance of cloth filters for handling vented air from 
pulverized-coal mills. The experiences of the authors in 
solving problems in connection with the cloth-bag filter 
system, as used at the Kips Bay Station of the New York 
Steam Corporation, are the basis on which the subject 
is developed. Complete performance tests on a 40-ton- 
mill installation are cited. 


WO INSTALLATIONS of cloth filters have been success- 

fully handling the vented air from two large pulverized-coal 

mills at the Kips Bay Station of the New York Steam Cor- 
poration for nearly three years. 

In the application of such equipment to power plants, the mag- 
nitude and variation of the draft loss, when related to the fre- 
quency of the shaking cycle and to the capacity, assume greater 
importance than in smaller applications for air cleaning and, 
therefore, have been very carefully investigated. 

Similarly the required maintenance is of greater importance 
because of the interdependence of the mill and other plant equip- 
ment and therefore this item has also been examined. 

The presence of a fire hazard in the handling of combustible 
air mixtures adds to the complexity of the design and operation 
so the safeguards taken in the design and installation at this 
plant will be indicated. 


DESCRIPTION OF PLANT 


The Kips Bay steam plant was erected in 1926. The station 
was laid out for the storage system and this design was con- 
tinued in the 1927 and 1930 extensions. 

The millhouse contains seven pulverizing mills with a total 
capacity of 150 tons per hr. Raw coal entering the millhouse 
contains about 31/; per cent moisture and of this 2 to 3 per cent 
is removed in the process of preparation. The coal is dried in 
external-grid driers, using exhaust steam for four mills while in 
three mills the coal is dried in the mill by air heated by high- 
pressure steam in air heaters. Air circulated through each mill 
system conveys the pulverized coal to the primary cyclone where 
separation of the coal and air takes place. The conveying air is 
vented to the atmosphere through a secondary cyclone and 
dust washer. The air-flow circuit for the 25-ton ball-type mill is 
given in Fig. 1. 

One to two per cent of the coal milled may escape with the air 
vented from the primary cyclone and 0.25 to 0.5 per cent may 
‘cape from the secondary cyclone. For further reduction of the 
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discharge concentration, air washers have been generally used. 
The use of washers brought secondary problems which required 
continual attention. These are as follows: 


1 Disposal of sludge water and the associated problem of 
maintaining drain lines free from clogging. 

2 Corrosion of air washer and fouling of sprays. 

3 Warm-air discharge, high in humidity, creates fog obstruct- 
ing vision of roof operations. 

4 Some spray water is discharged as a very fine mist, deteri- 
orating building walls and creating a bad condition on the mill- 
house roof. 

5 Loss of pulverized fuel as a result of the wet washing. 


It is evident that, if the vent coal is to be reclaimed dry, a dry 
type of filter must be resorted to and further that such dry- 
filtering equipment must be nearly 100 per cent efficient under 
all load conditions or a potential nuisance will exist. One of the 
few types of filters on the market which fulfills the requirements 
is the cloth or bag filter system. 

It was decided in 1936 to purchase two cloth-type filter collec- 
tors, each with four filtration compartments for the 25- and 40- 
ton per hr ball-type mills, eliminating from the vented-air circuit 
both the secondary cyclone and air washer. 

The two filter units were installed under a single housing on 
the millhouse roof over the raw-coal bunker and adjacent to the 
south coal tower. The secondary cyclone and air washers on the 
ball-type mills were left intact after connecting the filter dust 
collectors so that, in the event of failure of the dry filters, which 
has not occurred to date, the vent system could be changed over 
to wet washing in a matter of hours. The dry-filter system air- 
flow circuit with the change-over provision for wet washing is 
shown in Fig. 2. 

The dust filter compartments are in the same housing to sim- 
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plify construction, although their operation is entirely separate. 
The path of flow of the coal-dust and air mixture through the 
collector is shown in Figs. 3 and 4. Flow of the mixture is up 
through the bottom of the collector, through a pipe located in 
the center of the filter then to the four compartments, two of 
which are located on one side of the inlet and two on the opposite 
side. At the inlet to each pair of filtering compartments is a gate- 
type damper which can be used to close off the flow to either 
compartment but never to both at the same time. Take-up 
springs are provided on the driving-shaft mechanism to prevent 
shearing of the damper shaft and also to insure a pressure fit of 
the damper against a '/,-in-thick soft-rubber gasket which lines 
the door frame. 

The dusty air enters the filtering compartment and makes a 
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turn of 180 deg to the outside of the filtering surface. The filter- 
ing surface consists of a number of bags each shaped as a ree- 
tangular envelope open on one end. The bag or envelope is 
slipped over a galvanized-wire screen, the opposite surfaces of 
which are held in correct spacing of 13/15 in. by metal struts, 
The 25-ton mill has 552 such bags and the 40-ton mill 840 bags, 
six rows high. The path of air flow is through the cloth and out 
the open end of the envelope. The coal dust builds up a dust 
layer on the cloth surfaces, which is shaken off periodically, and 
the cleaned air passes through to an opening provided in the 
housing. The open end of each bag screen is sealed to the collee- 
tor casing, dividing it into a dust side and clean side. 
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The shaker consists essentially of a motor operating a rocker 
mechanism which transmits oscillating motion to beater rods 
located along the centers of the bag frames. Coal hoppers are 
located directly below the cloth surfaces to receive the loosened 
dust from the bags. A rotary valve, which is air-sealed by means 
of a rubber flap, rotates at slow speed and discharges the re- 
claimed coal to a return coal pipe which conveys it to the hopper 
above the transport pump for delivery with the main body of 
coal to the boiler fuel bins. Each compartment has its own shaker 
motor and shaking mechanism. The length of the shaking period 
and proper sequence is governed by the cam switches on the 
time-control panel. 


LABORATORY TESTS 


The successful installation of the collector depended on several 
factors, some of which had to be determined in the laboratory 
because the information was unavailable. The known factors 
were: 


1 Vented-air volume. 

2 Vented-air temperature and relative humidity. 
3 Vented-coal quantity and screen sizing. 

4 Maximum pressure loss allowable in operation, 


The factors which had to be investigated because little or no 
information was available were: 


1 Pressure-drop characteristic of the filter cloth. 
(a) The effect of flameproofing on the pressure drop. 
(b) The effect of coal-dust loading on the pressure drop. 
2 Safety considerations. 
(a) Precautions necessary to insure safe operation of the 
cloth filters. 


The known quantities as previously established are given in 
Table 1. 


TABLE 1 KNOWN FACTORS OF COLLECTOR OPERATION 
25-Ton mill 40-Ton mill 


Vented-air volume, cfm, max.............-++5 15000 27500 
Vented-air temperature, F.............0200. 130 130 
Vented-air, relative humidity, per cent......... 60 60 
Races 100 per cent through 325- 


mesh Tyler screen 
Available pressure for cloth filters, in. water, 


Tests were made on a number of filter cloths submitted by 
manufacturers. The cloths were tested for air-flow resistance in 
the clean condition and also after loading with coal dust. The 
fabrics tested were made from cleaned cotton having a sateen 
Weave with a count 9¢ X 64 threads per in. Two weights of 
labric tested are reported; one with a weight of 1.05 yd per lb 
und the other 1.30 yd per lb; both fabrics 54 in. wide. The cloth 
amples were clamped tight without stretching to one end of 
‘cylindrical chamber approximately 10 in. diam and 3 ft long. 
Metered clean air was blown in on the other end. Cloth resist- 
ce Was measured with a U gage connected to the chamber ap- 
proximately 2 in. from the cloth. The effect of several flame- 
jroofing solutions on the pressure drop was also established. 
The designations of cloth tests reported are given in Table 2. 


TABLE 2 DESIGNATIONS OF CLOTHS TESTED 


Curve 

symbol Cloth Cloth Cloth 

desig- thread width, weight, 

Ration count in. yd per lb Flameproofing 

A 96 X 64 54 1.05 Untreated : 

Ai 96 X 64 54 1.05 Mixture of ammonium- 
phosphate and boric- 
acid solution 

B 96 X 64 54 1.30 Untreated 

B, 96 X 64 54 1.30 Sodium-borophosphate 
solution 

By 96 X 64 54 1.30 Sodium-ammonium-boro- 


phosphate solution 
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The results for clean free air are given in the curve in Fig. 5 and 
indicate that the flow-resistance curves are parallel, with the ex- 
ception of curve A, which may be accounted for by the fact that 
cloth A; may have had an initial stretching. 

The difference in the weight of the cloths A and B is reflected 
in their relative resistance to air flow. Cloth B (the lighter 
cloth) will pass approximately 2.7 times as much air as cloth A 
for the same pressure drop. Flameproofing increases the pressure 
drop of cloth A by about 24 per cent and that of cloth B by about 
18 to 25 percent. The effect of flameproofing on the flow resist- 
ance will depend largely on the composition, strength, and also 
the method of application to the cloth. 

Continuing the foregoing test; some fine coal (screened through 
a 200-mesh Tyler screen) was blown against the cloth and pres- 
sure-drop data collected. These data were taken for a number of 
coal loading points so that it was possible to study the rate at 
which the pressure drop increased. Powdered coal was intro- 


6 
ely 
} | | | 
4 


duced into the cylindrical chamber mentioned with an air injec- 
tor, making it possible to secure a uniform coating of coal on the 
cloth, the amount of which was determined by weighing the cloth 
after each run. 

The results of these tests are indicated in Fig. 6, which shows 
the effect of coal loading on the pressure drop for an air flow of 
3 cfm free air per sq ft. The curves are plotted for cloths A, Ai, 
B,, and B; and have the same letter designation given in Fig. 5. 
If, as an example, for cloth A a point at 0.05 lb per sq ft coal-dust 
loading is taken the pressure drop is 3.4 in. Comparing with 
Fig. 5, a pressure loss of 3.4 in. will pass 102 cfm free air per sq 
ft or 34 times as much air. It will be noted that, in line with the 
tests of Fig. 5, cloths B; and B, will allow more coal accumulation 
on the cloth for the same pressure-drop and flow conditions than 
cloths A and A;. Thus for a 3-in. pressure drop, cloth A; will 
allow a coal loading of 0.056 Ib per sq ft, whereas cloths B; and B, 
will allow 0.078 and 0.083 lb per sq ft, respectively. This, how- 
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ever, does not mean that the normal operating pressure of the 
cloth filters will be less with cloth B,; or B, than with cloth Aj, 
but rather that cloths B,; and B, will retain more coal on their 
surfaces than cloth A; and that the residual loading, after the 
cleaning period of cloths B; and B,, is more than with cloth Aj. 
The normal operating pressure is approximately the same with 
either cloth as borne out by actual operating experience with both 
cloths. 

Observations made during these tests indicate that coal dust 
passes through the cloth when it is clean until the pores become 
filled with dust particles to a point when no more coal dust passes 
through. The dust retained on the cloth provides a mat filtering 
medium. This effect is more noticeable with cloths B; and B, 


TABLE3 CLOTH-FILTER SURFACE AS DESIGNED 


25-Ton mill 40-Ton mill 

Coal to cloth filters, Ib per hr................ 800 1600 
Free air cfm per sq ft cloth area (100 per cent 

area assumed).. 2.1 2.6 
Free air cfm per sq ft cloth area “(75 ‘per cent 

Total cloth area, sq ft.. nile 5 7040 10710 
Reduced area, 75 per cent of total, ‘sq oe 5280 8030 
Coal-dust loading, lb per M sq ft to give 4 in. 

norma! operating pressure at reduced area. 71 62 
Total coal on cloth filters, Ib................. 665 
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than with cloth A;. No tests were made with cloth B (untreated 


cloth) because it had been decided to use flameproofed cloth in the “om 
installation. 
Cloth A; was initially selected for the installation because of its 
superior mechanical properties. It was believed that the heavier TI 
cloth would withstand the effects of temperature and beater rods J) sprin 
better than the lighter cloths B, or B:. Flow curves were con- § For 4 
structed for cloth Aj, as in Fig. 7. pecte 
The design for cloth-filter surface for both mills is contained in J clean 
Table 3. the ai 
From the figures given in Table 3, it is evident that the clean- ff opera 
ing-period cycle should be less than 37 min for the 25-ton mill and J} pyildi 
less than 25 min for the 40-ton mill. It was recognized that the 9 norm; 
calculated figures are only approximations because it had been Bf offecti 
assumed that the filter cloths were thoroughly clean at the be- 9 decide 
ginning of each cycle. The limited value of the tests, because of and in 
the number of uncontrolled variables, such as temperature, hu- § yariat; 
midity, dust and sizing, did not justify more accurate determina- J the m 
tion of the cleaning cycle. To simplify the control for these Dur 
operations, it was decided to operate both mills with the same J jc as f¢ 
initial cleaning cycle, a compromise between the two calculated 
cleaning cycles. 
Each filtering unit has four compartments and is so constructed . I 
that one compartment at a time is removed from service for 3 8 
cleaning. It is, of course, important that the cleaning operation 47 
oecur only while the compartment is dampered off. The setting Chan 
adopted is given in Table 4. and the 
Some 
TABLE 4 CYCLE SETTING ADOPTED 
25-Ton mill 40-Ton mi 
Number of complete cycles per hr....... ra 2 2 
Time required for 1 cycle, min. 30 30 
Total time, unit operating with 100 per cent filter- & 
ing capacity, min. 10 10 - 
Total time per cy cle when unit is operating with z 
75 per cent filtering capacity, min........... 20 20 - 
Actual shaking time per compartment per cy cle, : 
shaking time per compartment per ‘hr, min. 6 
Actual shaking time all compartments per cycle, ua , 5 
Actual shaking time ail compartments perlr, min.. 24 24 
Nore: Time control for the cycle was obtained from a synchronous moto! F } 


through reduction gears driving a shaft onto which were fastened bakelite 
cams opening and closing contact switches in proper sequence for dampe 
and shaker motor operation. Provision was also made for manual operatioe 
of the control limit switches. 


The validity of such testing with respect to the resistance ¢ 


different cloths has a good degree of plausibility, since it is pos*- = * 
ble to test the cloths under practically identical Reynolds-numbe 
conditions as exist in the full-scale apparatus. These tests ind Hid indie, 
cate that the effective filter resistance is principally determin® Brrye of ¢ 
by the filter mat which is formed by the cloth and the so-calle: Hl rar af thi 
residual dust loading. To a considerable degree, independene ® that th 
of filter resistance to the textile specification of the cloth ex Brith subse 
a fact of interest because cloths may be selected principally 1 Hag area g) 
their mechanical qualities. tering an 
If it should be found that such tests furnish an approxi@s"Eilde norma) 
basis for the design, they would assume considerable importaD® ing] 47», 


The authors’ results indicate that this is only roughly t 
Since such correlation was not of primary interest at the t= 
of carrying out the work, necessity for further and more extens™ 
data is indicated, especially on different materials. 

The laboratory tests indicate two apparent flow-resistso™ 
rules, First, at constant loading of the cloth the draft loss va” 
directly as the flow. This is reasonable enough as the fh 
through the filter itself must be viscous. Second, at constants 
flow, the draft loss varies as the 1.5 power of the loading, a s* 
ment by no means so obvious and which must be confined to ™ 
limits of the experiments, because it involves several vari 
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not under controlled variation in the experiment. 


Tests 


The installation of the 25-ton-mill filter was completed in the 
spring of 1937 and placed in service immediately thereafter. 
For the first several days, operation of the collector was as ex- 
pected. Initially some coal dust came through the cloth onto the 
clean side until a dust mat was formed on the cloth after which 
the air coming through the cloth was perfectly clean. Subsequent 
operation of the collector showed that the air resistance kept 
building up and no amount of shaking would bring it back to 
normal while the mill was in service, although the shaking was 
effective with the mill shut down. After numerous tests, it was 
decided to change the timing cycle. New cams were ordered, cut, 
and installed, which permitted more flexibility in the time-control 
variation by resetting the cams on the drive shaft and changing 
the motor reduction gears. 

During the shaking cycle, the sequence of the cleaning operation 
is as follows: 


Close off compartment to filtering by damper. 
Time prior to shaking called “rest period.” 
Shaking period. 

4 Time after shaking called “settling period.” 


Changes were made in the number of cleaning cycles per hour 
and the rest, shaking, and settling periods. 
Some of the results of the tests have been plotted in curve form 
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id indicate the rate o: pressure build-up. Fig. 8 is a typical 
sve of the initial cycle for 75 per cent filtering area. During 
wart af this cycle 100 per cent filtering area was used. However, 
® that the test results of the original cycle may be compared 
mith subsequent data on cycles which employ 75 per cent filter- 
% area all of the time, the results were plotted for 75 per cent 
tering area. In a period of 2 hr 5 min pressure built up to 4 in., 
te normal design pressure, and increased to 5'/, in. in an addi- 
‘nal 47 min, resulting in a lifting of the explosion vents. After 
‘hr 45 min of service the time control was changed to manual 
mth 4 cycles per hr and 60 sec shake, but pressure continued 
© build up until the vents were continually open. The mill 
"s shut down after 5 hr 45 min of service because of excessive 
‘wk pressure. 

Figs. 9, 10, and 11 are plots of results of the tests in which the 
“aning cycles per hour, rest, shaking, and settling periods were 
Ranged as indicated on the curve sheets. All tests indicate the 
Met back pressure rises to 4 in. from 2 to 3'/, hr and, with 
“exception of one test (Fig. 10) in which 4 in. is reached in 
ut 1'/, hr, continued to increase until the vents lifted at 5'/, 
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connected with dust sizings, atmospheric conditions, and others 
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in. and the mill was shut down. In each run the milled coal was 
21 tons per hr, air flow approximated 14,000 cfm, dry-bulb tem- 
perature 125 F, and relative humidity 40 per cent. No effect of 
the cycle frequency on the filter back pressure is apparent except 
that the results with the 3-cycle frequency are worse than with 
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the 4or 5cycle. The duration of the shaking period had no effect 
on the pressure build-up. 

Continued checking of the shaker mechanism and damper- 
operating mechanism indicated them to be in good working con- 
dition. When the damper closed off a compartment to air flow, 
preparatory to shaking, there was a gradual drop in pressure by 
virtue of the fact that flow occurs until the pressures on both 
sides of the filter cloth are in balance. If the time allotted for 
pressure balance is not sufficient or is offset by air leakage around 
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the damper seal, then shaking of the cloth no matter what the 
duration will be ineffective. A checkup of the compartment 
pressure, when dampered off, indicated a positive pressure of 
approximately 0.02 to 0.04 in. of water. 

During the test run plotted in Fig. 11, two of the vent doors 
were lifted accidentally while the compartments were dampered 
off, thus allowing quick equalization of clean- and dirty-side pres- 
sures and also providing a sufficiently large area for escape of any 
inleakage without affecting the pressure balance. The effects were 
readily apparent. The filter resistance dropped from 6.10 to 
4.10 in., after one of the compartment filters had been cleaned, 
and dropped to 3 in. after the cleaning of the second compart- 
ment filters. The pressure increased to 4.4 in. as the first then the 
second compartment on which the vent doors had been lifted 
were removed from service. The pressure dropped from 4.4 to 
3.45 in. when both filtering compartments were returned to 
service. 


DesiIGN OF RESIDUAL-PRESSURE RELEASE SYSTEM 


When the pressure filter system, as previously indicated, went 
into operation the resistance built to very high values. Increase 
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of the number of shaking periods and of the time of shaking was 
ineffective in eliminating pressure build-up. One theory ad- 
vanced was that the residual air pressure in the isolated compart- 
ment held the coal against the filter in spite of efforts to shake it 
free. Tests were run to determine the amount of evacuation nec- 
essary to allow the free discharge of the dust from the cloth. 
It was found by measurement of air flow that 275 cfm were re- 
quired for the filters of 410 cu ft free volume, and 400 cfm for the 
filters of 590 cu ft free volume. A margin for damper leakage was 
also allowed. 

After consideration this evacuation was carried out in the 
manner shown in Fig. 12. A single fan was connected to all 
compartments and continuously operated. Its capacity require- 
ments were based upon the following criteria: 

The operating suction at the fan inlet is selected so that varia- 
tions in flow from operating and nonoperating compartments 
owing to differences in pressure will be swamped out to a desired 
degree. This necessitates the introduction of accurate resistances 
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in the individual lines, which may be tapered nozzles, properly 
designed and discharging in the inlet plenum, The over-all 
system resistances including the nozzles should be calculated be- 
cause high line velocities should be used. The total flow into 
the fan under operating conditions is readily figured and leads to 
the selection of a fan of proper P-V characteristics. Low veloci- 
ties and flat spots must be avoided as shown in Fig. 12. 

The power requirements of this fan are a charge against opera- 
tion amounting to 7 hp for the 7040-sq ft filter and 12 hp for the 
10,710-sq ft filter. 

The necessity for some such installation would exist whether 
the filter were under pressure or suction. However, for a suction 
filter, a simple mechanical atmospheric break on the clean side 
might be provided for each compartment. 

The reasoning indicating the necessity for evacuation is ex- 
pressed mathematically in the following expression which offers 
a means for evaluating the time which must elapse before the 
particles may be shaken off in the face of a slight residual pres- 
sure. 

If Q,, V, P, are, respectively, the weight of air in the filter, the 
volume of the filter, and the absolute filter pressure at any time t 


Q, =k V t 
and the time derivative is 
dQ, _ 
dt 


P,— P, 
in which a is the pressure gradient across the filter cloth, 
P, being atmospheric pressure. 


= —k, V — 


ky dt 


from which — 7’ = K log (P, — P,) + C 


= K log (= = K, log 


where V; and V; are the velocities through the filter mat. 
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If the time for decrease of the pressure to '/; value is observ 
the time for the volume rate discharge to change from V: te! 
is given simply enough by the foregoing ratio, assuming that the 
inlet damper is tight. Theoretically, at least, if the term 
velocity of the particles were known, the time the filter we® 
be out of service before the pressure decreased to the point * 
which the particles would fall off the cloth would be — 
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A consideration of the terminal velocity of fine particles, as 
discussed by Croft,‘ leads to the general conclusion that the air 
velocities for the particles encountered here must be less than 
about 3.5 in. per sec and may have to be as low as 0.001 in. 
per sec before shaking can be effective. This consideration indi- 
cates the necessity for residual-pressure release. 

The effect of the residual-pressure release mechanism on the 
back pressure is clearly shown in Fig. 13 which should be com- 
pared with Figs. 8, 9, 10, and 11. 


INSPECTION AND MAINTENANCE 


Of particular interest in the operation of the dry dust filters 
is the number of man-hours involved in inspection and mainte- 
nance. Inspections while the equipment is in service cover the 
following: 


1 Lubrication of bearing surfaces of coal-conveyer valves, 
evacuating fans, and motors. 

2 Checking housing for leaks from dust side of collector. 

3 Observation of clean-air discharge for evidence of torn or 
defective bags. 

4 Checking reclaimed-coal lines for free movement of coal. 

5 Checking operation of main exhauster damper control. 

6 Checking pressure balance of cloth filter with draft gage. 


Items 1 to 4 are covered by the regular millhouse operating 
crew and are made a routine matter along with other duties at 
similar locations about every 2 hr. The inspection is primarily 
a precautionary measure. Items 5 and 6 are looked after by 
test men in the technical department of the company. A monthly 
inspection of the damper Control is all that is generally necessary 
and requires about 3 or 4hr per month. Item 6 is included for the 
purpose of checking the auxiliary-fan operation and is made about 
every 3 or 4 months in about !/, hr. 

During the shutdown operation it is advisable to check the 
following and do general internal cleaning: 


1 Shaker mechanism. 
2 Inspect damper gaskets. 
3 Inspect auxiliary-fan piping. 


It is good practice to make a general internal inspection of the 
collector weekly. 

Maintenance data on the dust filters are not as complete as 
they should be at this time because included in the maintenance 
figures are design changes. These changes in design will un- 
doubtedly lower maintenance charges and decrease outage pe- 
nods in the future. Figures subsequently cited are for the total 
operating hours given tor each filter. 

The largest single item of maintenance in the dust filters is the 
flter bag. Bag life is approximately 2 yr and the bags, with 
fameproofing applied, cost approximately $1 each. To re- 
nove and replace bags requires about 180 man-hr for the 25-ton 
nill and 275 man-hr for the 40-ton mill, assuming all bags are re- 
placed. Defective bags are located from the clean side of the 
tollector and are replaced from the dust side of the collector. 
Since there are 552 bags in the 25-ton-mill installation and 840 
‘gs in the 40-ton-mill installation, this replacement is therefore 
“ appreciable item and worthy of investigation. 

_At the present time, tests are under way to confirm a proposed 
‘eerease in shaking frequency and time. One other change has 
*en made which should improve the life of the bags. Formerly 
%e fow of clean air was downward but now the flow is upward 
“ough the top, in order to prevent clean air with high vapor 


, | The Calculation of the Dispersion of Flue Dust and Cinders 
*tm Chimneys,” by H. O. Croft, Trans. A.S.M.E., vol. 57, 1935, 
per FSP-57-1, pp. 5-10. 
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content passing from one collector to the other when one of the 
collectors is out of service. 

The next largest item of maintenance is general cleaning and 
gasket repair. Approximately 400 man-hr have been spent in 
this work but it is reasonably certain that this item will virtually 
disappear, because 90 per cent of the time devoted to cleaning 
would not have been necessary if the collector were dust-tight 
initially. For example, the access doors and coal-hopper casing 
leaked dust continually while the collectors were in service and 
required constant cleaning and patching, which otherwise would 
not have been necessary. Dust-tight access doors were made to 
replace the initial doors and the hopper casing was welded to 
make it dust-tight. Gasket maintenance is a relatively small 
item and has approximated 50 man-hr, which time is spent 
about once a year renewing gaskets on explosion vents, access 
doors, and damper frames. 

Reclaimed coal drive systems have bad approximately 330 
man-hr maintenance, a considerable portion of which can be con- 
sidered as due to the dusty atmosphere, resulting from leakage 
which in turn caused bearing maintenance and maintenance of 
the chain drive. Rotary valves which feed the coal into the 
screw conveyer and return coal pipe have had no maintenance. 
Some trouble had been experienced in the early days with flood- 
ing of the conveyer screw, causing plugging of the return coal 
pipe at the point where it connects to the screw, but this has been 
rectified by increasing the angle of inclination of the outlet coal 
pipe. At the present time the coal drive system runs continu- 
ously, but it is planned to try out intermittent operation of the 
drive system which, if successful, will decrease maintenance. 

The shaker mechanism has needed 205 man-hr of maintenance 
which has been due largely to wear of the roll which fits in the 
cam groove of the rocker mechanism. The roll was worn egg- 
shaped because it did not rotate with the cam but slid in the cam 
groove. Some of the rolls were worn down to the pin in a period 
of 6 to 8 months bat, when a grease-seal ball bearing was substi- 
tuted as a cam follower in place of the hardened steel roll, very 
slight uniform wear resulted in a period of 18 months. There 
has been some loosening up and falling out of setscrews fastened 
to the rocker shafts which have been replaced with a self-locking 
type of setscrew. 

Approximately 75 man-hr have been charged to resetting limit 
switches. This is not excessive, since it is good practice to check 
the limit switches on the gate-damper motors about once every 
6 months. The purpose of the check is to insure a good seal of 
the damper against the door frame at all times so that the pres- 
sure balance of the cloth will be proper for effective shaking. 

The 25-ton mill has been in service 6197 hr and the 40-ton mill 
5759 hr since the installation of the dry filters. During this time 
it is estimated that 4400 tons of coal have been reclaimed by the 
dust filters. The operation of the filters has been normal and no 
major incidents in their operation have occurred. 


Sarety MEASURES 


It is recognized that coal milling is a process which must be 
carefully handled to prevent fires during the operation. Protec- 
tive equipment and safe procedures had been employed in the 
millhouse in line with best practice and this policy was extended 
to the dry filters. Numerous tests on filter cloth, both treated 
and untreated with flameproofing, indicated the desirability of 
treating the cloth, although it was recognized that such treat- 
ment would increase the flow resistance of the cloth slightly and 
perhaps affect its life. The effect of the flameproofing was found 
to be that of retarding the burning of the cloth and localizing it, 
although the time required for ignition of the treated and un- 
treated cloth seemed the same. 

Long horizontal runs of pipe are objectionable as are low pipe 
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velocities. Accordingly in the layout of the pipe lines leading 
to the collector, the velocities are maintained at above 3000 fpm 
and the pipe runs are all practically vertical with the exception 
of the tie-in connection to the collector on the 40-ton mill, which 
is approximately 25 ft long. Exposed pipe above the roof is well 
insulated and provided with waterproof covering. In addition 
the horizontal run is provided with an inspection and access door. 
Dry-coal return lines are vertical with minor exceptions, where 
45-deg bends were necessary. These were provided with cleanout 
plugs. 

It has been mentioned that the dust filters were installed on the 
millhouse roof. The collector, therefore, had to be well insulated 
to prevent condensation. A 4-in. layer of rock wool backed up 
with !/,in. transite sheet was provided, the collector itself being 
lined with No. 14 gage sheet metal. The temperature drop 
through the collector is therefore small, in the order of 10 F, and 
the exit-air temperature is above the dewpoint. 

Each compartment is provided with an explosion vent in addi- 
tion to those already existing on the mill proper. Each filtering 
compartment has an access door. 

Published data on the subject of inflammability of coal dust- 
air mixtures are meager with reference to the problem at hand. 
Two general statements may be made: 


1 The dust must be present in a cloud of inflammable density 
and composition. 

2 There must be a source of ignition, such as freely burning 
coal or an electric spark. 


These two basic conditions may be discussed in terms of the 
factors which determine them. With regard to any distinction 
between inflammability and explosiveness, investigators of the 
Bureau of Mines* find, as a practical matter, that it is impossible 
to distinguish between them and that it is inadvisable to attempt 
such distinction. 

When the coal-air mixture at Kips Bay Station leaves the pri- 
mary cyclone, the velocities and composition are as given in 


. Table 5. 


TABLE 5 VELOCITIES AND COMPOSITION OF _ COAL-AIR 
MIXTURE, LEAVING PRIMARY CYCLONE 


25-Ton mill 40-Ton mill 
Grains of dust per cu ft of airat 130 F........ 6.2 6.8 
Velocity in pipe, ft per min................. 3300 3400 


(100 per cent through 325- 
mesh Tyler screen) 


The question of mill drying by flue gases was studied at length 
and abandoned as economically impractical in this instance. 

The regulation of air flow from the mill to the filters is ac- 
complished by a high-quality automatic control which throttles 
the mill fan discharge to maintain a constant suction at the mill 
cyclone outlet. This function, the maintenance of constant mill 
air flow, has performed admirably with concurrent advantages in 
mill operation. Variations in filter pressure are not felt in the 
mill system. 

On the receiving hoppers of the filter, mechanical rappers were 
installed and have worked very well. The rotary valves for dis- 
charging the hoppers are mechanically driven and isolate the 
hoppers at all times from the receiving screw conveyers. 

The receiving screw conveyers were the scene of several fires 
in the early operation due to spontaneous combustion of packed 
coal in the barrels. This condition was eliminated by minor 
changes. Such precautions are also directed against fire due to 
spontaneous combustion. 


5 **Coal-Dust Explosibility Factors Indicated by Experimental 
Mine Investigations, 1911-1929,"’ by G. S. Rice and H. P. Green- 
wald, U.S. Bureau of Mines, Washington, D. C., Technical Paper No. 
464, 1929. 
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It is also necessary to insure against the hazards of static 
electric discharges. This insurance is largely inherent in the fact 
that this filter is a mass of metal mesh supporting the cloth, 
giving almost continuous grounding with a minimum free volume 
for the occurrence of intercloud discharges. 

There is some evidence that high humidities reduce the inflam- 
mable character of the mixture, although publications of the 
Bureau of Mines declaim the futility of relying on this. For in- 
stance, Rice and Greenwald* unequivocally reject the influence 
of humidity in practical work. However, high humidities may 
reduce static-electricity hazard considerably. 


Appendix 


Three rather complete performance tests on the 40-ton-mill 
cloth-filter installation are given in Table 6. Of particular inter- 
est is the power consumption of the cloth filters and the fineness 
of the reclaimed coal. Power consumption of the cloth-filter 
installation is less than 0.2 kw per ton of milled coal, which is 
approximately 1.5 per cent of the total. Fineness of the reclaimed 
coal indicates that practically 100 per cent passes through a 325- 
mesh Tyler screen and also that the density of the reclaimed coal 
is approximately one half that of the milled coal. It is of interest 
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Fig. 14 WerGcuine Device 


to note that the efficiency of the primary cyclones is better th? 
99 per cent. 

The tests were made with 4 cleaning cycles per hr on the clo 
filters. The duration of each shaking period was approximate! 
20 sec per compartment for each cleaning cycle. 

The reclaimed-coal weighing device used in these tests is ind 
cated in Fig. 14. The particular advantage of the installati® 


6 See reference (5), p. 8. 
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Coal milled per hr, weighed, tons 


Power Consumption: 


Mill including heater fan, kwhr............ 

eeders and magnetic separators, kwhr...... 
Main exhauster fan, kwhr................. 
Cloth-filter motors, inc. conveyer, kwhr 


Millincluding heater fan, kw perton......... 
Feeders and magnetic separators, kw per ton.. 
Main exhauster fan, kw per ton............ 
Transport pump, kw per ton............... 
Cloth-filter motors, including conveyer, kw 


Total, kw per ton 


Atr-Heater Data: 


Fan-inlet temp, dry bulb, F................ 
Relative humidity, per cent................ 
Discharge pressure, in. water 
Heater-inlet pressure, in. water............. 
Heater-outlet pressure, in. water........... 
Heater pressure drop, in. water............. 
Heater outlet temp, : 

Hot air to mill, cfm 


Steam to heater, lb per hr................. 


Btu available by steam in heater, M Btu per hr 
Heat-up by fan, M Btu per hr 


Total Btu input, M Btu per hr........... 
Btu absorbed by air, M Btu per hr......... 
Radiation and unaccounted for, M Btu per 


Mill Data: 


Exhaust temperature, F.......... 
Pressure air entering mill, in. water 
Pressure before classifier, in. water 
Pressure exhaust, in. water 
Air leaving mill, lb per hr............. 

Air inleakage expressed as, per cent......... 
Pressure drop across classifier, in. water... . . 
Pressure drop across mill, in. water......... 


Primary Cyclone Data: 
Inlet pressure N, in. water................- 
Outlet pressure N,in. water.............. 
Inlet pressure S, in. water... .. 
Outlet pressure 8, in. water............. 
Pressure drop N, in. water.............. 
Pressure drop 8, in. water 


Main Exhauster Fan Data: 


Relative humidity, per cent................ 
Inlet press. before control damper, in. water. . 
Inlet press. after control damper, in. water... 
Discharge pressure,® in, water............ 
Discharge pressure,> in. water....... 
Air discharged, lb per hr 
Air discharged, cfm 
Cloth-Filter Data: 

Inlet temperature, F....... 

Inlet-pipe velocity, 
Inlet pressure,* in. 
Inlet pressure,> in. 
Coal collected, weighed, lb per hr........... 
Outlet temperature, 
Dust concentration, gr per cu ft air......... 
Collected coal, per cent of milled coal....... 


Coal-separation eff of primary cyclones, per 
cent 
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TABLE 6 PERFORMANCE TESTS OF 40-TON MILL WITH CLOTH FILTERS 
June 17, June 20, June 21, 


1938 1938 1938 
2 3 4 
4.53 4.02 5.0 
192.2 150.3. 188.1 
42.35 37.35 37.62 
377.0 371.8 381.8 
1.8 1.8 2.0 
112.8 111.0 112.0 
9.8 10.8 9.6 
7.0 7.0 7.0 
508.4 502.4 512.4 
8.90 9.95 10.13 
0.04 0.05 0.05 
2.66 2.98 2.98 
0.23 0.29 0.26 
0.17 0.19 0.19 
12.00 13.46 13.61 
80 87 88 
50 38 44 
8.9 9.0 9.0 
1765 1760 1767 
3.7 3.6 3.6 
2.7 2.8 2.7 
1.0 0.8 0.9 
236 234 227 
20700 20700 21100 
69300 69200 71600 
2530 2380 2270 
2430 2381 2200 
47 47 49 
2477 2428 2249 
2590 2440 2390 
—113 —12 —151 
—0.5 —6.7 
115 118 116 
1.8 1.5 
—6.4 —6.6 —6.6 
—9.4 —9.6 —§.7 
70800 72300 70800 
1500 3100 —800 
2.2 4.5 
3.0 3.0 3.1 
13.3 11.4 11.2 
—-10.5 -10.7 -—10.8 
—-11.6 -11.7 ~-11.9 
-10.5 -10.7 -10.8 
—-12.0 -—12.1 -12.3 
1.0 1.0 Fen 
1.5 1.4 1.5 
130 131 129 
36 38 36 
—-12.1 —12.1 -12.3 
—27.2 —27.2 -27.2 
2.7 2.6 2.7 
3.6 3.6 3.6 
1180 1180 1185 
70800 72300 70800 
18600 19000 18600 
130 131 129 
3800 3880 3800 
2.3 2.3 2.3 
3.1 3.0 3.1 
440 458 447 
124 123 123 
2.8 2.8 2.8 
0.5 0.6 0.6 
99.5 99.4 99.4 


* Neutral period (all filter compartments filtering). ; 
Cleaning period (one filter compartment closed for shaking). 


shown is that it permits continuous movement of the coal dust in 
the pipe line, because it incorporates a storage hopper in addition 
‘o the weighing hopper and also that it is dust-tight which, in 
this particular application, is rather important. It is, of course, 


Mill Heat Balance: 


Input 
With hot air, M Btu per hr 


2590 2440 2390 
Mill motor power, M Btu per hr......... 1120 936 961 
Output 
Sensible heat in coal, M Btu per hr....... 656 64 606 
Heat-up and evap moisture, M Btu per hr. 1861 2013 2007 
Heat-up inleakage air, M Btu per hr...... 13 20 27 
Heat in air leaving mill, M Btu perhr...... 596 457 333 
Total accounted for, M Btu perhr...... 3126 3138 2973 
Rad. and unaccounted for, M Btu per hr. 584 238 378 
Expressed in per cent: 
Heat-up and evap moisture.............. 50.2 59.6 59.9 
Heat-up inleakage air................... 0.4 0.6 0.8 
Heat in air leaving mill................. 16.0 13.5 9.9 
Total accounted for................... 84.3 92.9 88.7 
Rad. and unaccounted for............. 15.7 7.1 11.3 
100.0 100.0 100.0 
Moisture Removal: 
Calculated 
Total in air from mill, lb perhr.......... 2480 2620 2570 
moisture in inlet air, lb per hr... .. 779 846 870 
Moisture removed, Ib perhr......... 1701 1774 1700 
Total moisture removed by analysis, lb per 
Moisture removed, calculated, per cent... . 2.0 2.3 2.3 
Moisture removed, by analysis, per cent. . . 1.9 1.8 1.7 
Raw- and Pulverized-Coal Data 
Screenings: 
Raw coal (mill inlet) 
Over 5/is-in. opening, per cent........... 13.1 34.6 32.8 
Over #/is-in. opening, per cent........... 26.5 23.5 25.0 
Over #/3:-in. opening, per cent........... 22.8 16.5 16.9 
Over 1/i-in. opening, per cent........... 10.0 6.2 6.5 
Over 4/u-in. opening, per cent........... 5.5 3.7 3.8 
Dust through */s-in. opening, per cent. . 22.1 15.5 15.0 
Over 60, per cent........... 3.9 2.8 2.7 
1.6 1.0 1.0 
1.9 1.3 1.5 
Through 200, per Cemt....ccccccccccscce 3.1 1.8 2.1 
Powdered Coal (milled): 
Over 40-mesh Tyler screen, per cent........ 1.9 A 1.8 
Over 60-mesh Tyler screen, per cent...... 4.9 5.1 5.0 
Over 80-mesh Tyler screen, per cent........ 5.0 5.1 4.7 
Over 100-mesh Tyler screen, per cent....... 5.8 6.1 5.9 
Over 200-mesh Tyler screen, per cent....... 20.5 20.6 20.3 
Through 200-mesh Tyler screen, per cent... . 61.9 61.4 62.3 
Reclaimed Coal (collected by filter): 
Over 200-mesh Tyler screen, per cent....... 0.0 0.0 0.0 
Over 325-mesh Tyler screen, per cent....... 0.1 0.0 0.0 
Through 325-mesh Tyler screen, per cent.... 99.9 100.0 100.0 
Moisture Analysis: 
Powdered coal, per cent................... 1.1 1.2 1.2 
Removed by analysis, per cent............. 1.9 1.8 Ve 
Coal returned by cloth filters, per cent...... 0.8 1.3 1.3 
Raw Coal—Prorimate Analysis: 
Wet Wet Wet 
basis Dry basis Dry basis Dry 
Moisture, per cent............ 3.0 3.0 2.9 
Volatile, per cent............. 29.5 30.4 33. 34.1 31.5 32.4 
6.5 6.7 6.9 66 6.8 
Fixed carbon, per cent........ 61.0 62.9 57.2 59.0 59.0 60.8 
Heat content, Btu perlb...... 14060 14490 13735 14160 13885 14330 
Powdered-Coal Densities, A.S.T.M. Method: 
Milled coal, lb 33.6 
Coal returned by cloth filters, lb per 


important if the dust-conveying pipe is under pressure other than 
atmospheric that the weighing hopper be vented during the 
weighing period. For this purpose, a vent valve is provided:in 
the weighing-hopper cover plate. This particular type of installa- 
tion has also been used successfully in weighing flue dust from 
pulverized-fuel installations. The hoppers are fabricated from 
3/s-in. plate and all seams are welded. 
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Discussion 


J. E. Futwerver.’ It would be interesting to know if any 
serious objections to the installation discussed in this paper were 
offered by the engineers of the insurance company covering the 
risk; also whether the demonstrated safe operation of this com- 
pletely dry equipment was satisfactory proof that sprays are 
not necessary when the other precautions described are taken. 

In view of the tendency to insist upon sprays in connection 
with explosive industrial dusts, this example may prove of con- 
siderable value in the art, because some of the dusts involved are 
of value if kept dry and utterly ruined if wet. 

The wetting of the dusts also seems to increase rather than 
minimize the disposal problem as well as to entail considerable 
trouble, due to the freezing of the water in cold weather. An 
installation of this size and importance, operating dry, is therefore 
of considerable interest to the writer. 


Rap A. SHerMan.’ The writer would like to suggest that 
supplementary information covering the proximate analysis and 
calorific value of the dust, which is collected in the bag filters, 
would aid in a comparison of the remainder of the coal collected 
in the cyclones. 


R. F. Turone.® There are upward of 100 installations of 
cloth filters in service, handling vents from pulverized-coal equip- 
ment. The general experience has been quite satisfactory. 
Some provisions have been necessary to drain off the static 
electrical charge, and some installations have required special 
attention to the slope of the inclined surfaces. Only a few of the 
installations use flue gas as an inert gas, the circulating gas in 
most cases being air. 

Cloth-type filters have the highest reclaim capacity, especially 
in their ability to remove the microscopic sizes under 104. These 
sizes represent as high as 80 per cent of the total dust and consti- 
tute a major visual nuisance. 

Precaution must be exercised to maintain the gas humidity 
below 100 per cent, as the resistance through the cloth greatly in- 
creases as it absorbs free moisture, as well as permits the coal dust 
to cake onto the filter surface, thus increasing the difficulty of 
restoring the filtering medium. The tubular free-hanging type 


of cloth filter, can be adequately cleaned in service merely by — 


closing the outlet-gas damper without in turn closing the inlet- 
gas damper. The agitating mechanism is sufficient to shake the 
coal dust from the filter cloth without allowing a time period for 
equalization of gas pressure on either side. The most effective 
procedure is to have a reverse flow of the gas through the filter 
cloth during the shaking operation, but such reversal, either 
with the cleaned gas from other sections or with room air, cools 
the gas in the compartment being cleaned, to and below its dew 
point, causing condensation. Cloth filters have proved equally 
successful under negative pressures as high as 26 in., as well as 
under positive pressure. The major disadvantage of negative- 
pressure operation is the detection of air-inleakage areas. 

Fire hazard is increased in the employment of cloth filters. 
This becomes an important factor, especially with the “younger” 
coals, for which the affinity for oxygen is high. The combustion 
of filtering cloth with the resulting flame adds a menacing factor 
to what would otherwise be an easily controllable condition. 
Flue gas as the circulating medium has not proved satisfactory 
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in avoiding ignition of coal dust and the resulting loss of filter 
bags on the “western” coals. Even though a noninflammable fil- 
tering cloth material should be developed, considerable question 
remains whether with these “younger” coals, the large area 
available is not a definite hazard. 


J. C. Wirr.'® The writer would like to know whether any 
installations of the type described have been involved ‘in fires? 
He has had some experience with one all-steel dust-collector 
installation in which a fire occurred. Much of the equipment 
was rendered worthless by the heat, although nothing was burned. 
The question therefore arises: What benefit would come from fire- 
proofing the cloth, in this instance, if a fire should start? 


AuTuHors’ CLOSURE 


The authors believe that the successful operation of the cloth- 
filter installation described is in a large measure made possible 
by the safety features incorporated in the design and also be- 
cause of the systematic inspection program carried out by the 
operating personnel. The insurance carrier, in the case of this 
installation, interposed no requirements with those on pulverized- 
coal installations in general. 

The powdered-coal proximate analyses omitted in the perform- 
ance tests and requested by Mr. Sherman have been obtained. 
Average laboratory results of the powdered-coal analyses are 
tabulated as follows: 


POWDERED-COAL PROXIMATE ANALYSES 


Reclaimed coal 


Milled coal (collected by cloth filter) 
Volatile matter, dry, per cent. ........ 34.4 33.8 
Fixed carbon, dry, per cent........... 57.9 58.8 
Sulphur, dry, per 1.10 
Calorific value, dry basis, Btu per lb.. 14110 14150 


No appreciable difference in laboratory analyses of the two 
powdered-coal samples is evident. Although the primary cyclone 
efficiency is better than 99 per cent, it is not sufficient to detect 
differences in proximate analysis between milled coal and the 
vented coal, if such a difference exists. For this installation at 
least, the conclusion must be that the proximate analyses of the 
powdered coals are the same. 

Mr. Throne points out that it is necessary to insure against 
the hazards of static electric discharges. This insurance is 
largely inherent in the collector described. The importance of 
maintaining the temperature of the coal dust conveying air in the 
collector above the dew point cannot be overemphasized Care- 
ful selection of heat-insulating materials has eliminated difficul- 
ties of this kind. 

Pressure balance of the cloth may be secured by closing either 
the inlet- or outlet-gas damper. It is not necessary to close both. 
In this installation, the inlet dampers were used because it simpli- 
fied construction and outlet dampers were not provided because 
they were unnecessary. It has been found by experience that 
shaking in a screen-type collector is ineffective if the cloth pres 
sure is unbalanced as little as 0.02 in. of water. Reverse gas 
flow is unnecessary and is of doubtful value. 

Mr. Throne states that cloth pressure balance is unnecessary 
with the tubular free-hanging-type collector. It is quite ut- 
necessary with all types if draft loss is no object. It would be 
of interest to know the magnitude of the pressure unbalance for 
the installation mentioned. It is certain that, if a pressure uD- 
balance exists at the time of shaking, it is also true that more 
effective shaking is possible if the pressure unbalance is eliminated. 
Cloth maintenance will be reduced as a result. Needlessly high 
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pressure drops should be avoided on large installations because 
fan-power requirements will be high and cloth maintenance will 
be a very costly item. Although the collector described operated 
at a pressure above atmospheric, the system will operate equally 
satisfactorily at a pressure below atmospheric. The pressure- 
release system in the latter case will be rather simple. 

The authors agree with Mr. Witt that fireproofing the cloth 
does not protect the dust-filter equipment after a fire has started 
in the collector. As pointed out in the paper, the primary pur- 


pose of the cloth flameproofing is that of localizing a fire after it 
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has started. At this stage, the chief concern of the operator would 
be to prevent spreading to other parts of the mill system and to 
adjacent equipment. From this point of view as well as the moral 
value, the slight additional cost of the flameproofing is justified. 
The authors do not know of any coal-dust cloth-filter installations 
of the type of design described in which fires have occurred. 
There have been fires in the type of collector described with bake- 
lite-dust installations and other similar dusts. None of the fires 
were directly attributed to the collector but they were carried into 
it from other parts of the system. 
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Mean Temperature Difference in Design 


By R. A. BOWMAN,! A. C. MUELLER,? anp W. M. NAGLE! 


In heat-transfer apparatus the rate of heat flow from the 
hot to the cold fluid is proportional to the temperature 
difference between the two. For design purposes, it is 
necessary to be able to determine the mean difference in 
temperature from the inlet and exit temperatures. Nu- 
merous investigators have contributed analyses of the tem- 
perature difference for exchangers with neither counter- 
nor cocurrent flow. This paper coordinates the results 
of previous studies on the same basis to give as complete 
a picture as possible of all the various arrangements of 
surface and flow. Shell-and-tube exchangers with any 
number of passes on shell side and tube side are covered 
as are the crossflow exchangers with different pass arrange- 
ments and with mixed and unmixed flow. The special 
cases of trombone coolers, pot coolers, and batch processes, 
not previously published, are also treated in detail. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


A = area of heating surface ‘ 
specific heat of shell-side (or hot) fluid 
specific heat of tube-side (or cold) fluid 
base of natural logarithms 

correction factor, dimensionless 

weight of fluid batch 

number of shell-side passes 

(ts — 4) — th), dimensionless 

(T; — — dimensionless 
quantity of heat transferred 

(tg — — dimensionless 

we/WC, or — T2)/(t2 — dimensionless 
At,,/(7T,; — t), dimensionless 

value of r for countercurrent flow 

inlet temperature shell-side (or hot) fluid 
outlet temperature shell-side (or hot) fluid 
inlet temperature tube-side (or cold) ftuid 
outlet temperature tube-side (or cold) fluid 


At,, = mean temperature difference 
U = over-all heat-transfer coefficient 
W = weight rate o1 flow of shell-side (or hot) fluid 
w = weight rate of flow of tube-side (or cold) fluid 
6 = time 


INTRODUCTION 


Heat-exchanger design is based primarily on the equation 
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In this basic equation, the amount of heat transferred per unit 
of time and surface is shown to equal the product of the over-all 
heat-transfer coefficient U, and the mean temperature difference, 
At,,. The value of U may be estimated from correlated over-all 
coefficients determined in similar exchangers under similar 
conditions, or it may be obtained by combination of individual 
coefficients. The mean temperature difference At,, is calculated 
from terminal temperatures, the method of calculation varying 
with the type of exchanger and method of operation. 

For simple heat exchangers in which there is steady-state opera- 
tion and countercurrent flow of the hot and cold fluids, inte- 
gration of the differential equation, relating the temperatures of 
the two fluids, leads to the well-known log-mean temperature dif- 
ference 

(T; — tb) — (T:— ti) 


At,, (countercurrent flow) = [2] 
1 


2.3 logio T 


The integration involves the following assumptions: 

1 The over-all heat-transfer coefficient U is constant through- 
out the heat exchanger. ; 

2 The rate of flow of each fluid is constant. 

3 The specific heat of each fluid is constant. 

4 There is no condensation of vapor or boiling of liquid in 
part of the exchanger. Condensation of pure saturated vapor 
or boiling of pure saturated liquid throughout the entire length 
of the heat exchanger, resulting in 7; = T; or t; = t., does not 
affect the integration if the first assumption remains true. 

5 Heat losses are negligible. 

For heat exchangers in which there is steady-state operation 
and cocurrent flow, the corresponding integrated average tem- 
perature difference is 


(T, — t) —(T:—bt) 


2.3 | 
3 logio 


At,, (cocurrent flow) = 


For any set of terminal temperatures, the average temperature 
difference for cocurrent flow is always less than that for counter- 
current flow, unless the temperature of one fluid stream is con- 
stant throughout the exchanger. 

In the majority of industrial installations true counter- 
current heat exchangers are not as economical as multipass 
and crossflow units. In multipass exchangers the flow is co- 
current in part and countercurrent in part and, as a result, the 
mean temperature difference lies somewhere between At,, for co- 
current flow and At,, for countercurrent flow. The mean 
temperature difference for the various types of crossflow ex- 
changers is also less than that for countercurrent flow and greater 
than that for cocurrent flow. The relationships between termi- 
nal temperatures and mean temperature difference limit the 
performance of each type of exchanger. For a given set of 
temperature and rate conditions, the mean temperature difference 
for some types of multipass or crossflow exchangers may be 
zero, and the exchanger therefore inoperable, while a counter- 
current or another type of multipass exchanger may operate 
satisfactorily. Formulas or curves are available for calculating 
the mean temperature difference from terminal temperatures in 
various types of heat exchangers. These are assembled in this 
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paper and, where possible, are expressed in the form of a correc- 
tion factor, F, by which the log mean At for countercurrent 
flow is multiplied to give the true mean temperature difference. 


At,, = (F) (At,, for countercurrent flow) 
— th) — (T: — t) 

te 

— ty 


T 
2.3 logio 
This method of presentation is believed to show most clearly the 
degree to which the mean temperature difference of any exchanger 
is inferior to the log-mean At for countercurrent flow. 


Mo ttipass Heat ExcHANGERS 


The widely used shell-and-tube heat exchangers are often 
provided with baffled heads to route the fluid inside the tubes 
back and forth from one end of the exchanger to the other. 
In some cases the shell-side fluid is also caused to travel the length 
of the heat exchanger more than once by means of longitudinal 
baffles. Differential equations for a number of such arrange- 
ments have been derived and integrated. In the integration the 
following assumptions are made: 


1 The over-all heat-transfer coefficient U is constant through- 
out the heat exchanger. 

2 The rate of flow of each fluid is constant. 

3 The specific heat of each fluid is constant. 

4 There is no condensation of vapor or boiling of liquid in 
part of the exchanger. 

5 Heat losses are negligible. 

6 There is equal heat-transfer surface in each pass. 

7 The temperature of the shell-side fluid in any shell-side 
pass is uniform over any cross section. 


The first five assumptions are those employed in the derivation 
of the ordinary log-mean temperature-difference formula. 
The sixth is in accord with usual heat-exchanger design practice 
and the seventh is essentially true where many transverse baffles 
are incorporated in the exchanger. 

Multipass exchangers with an even number of tube-side passes 
per shell-side pass were studied by Nagle (1), Underwood (2), 
Bowman (3), and Yendall(15). Their results are summarized as 
follows: 

One Pass Shell Side; Two Passes Tube Side. The cor- 
rection factor F for multipass heat exchangers, having one shell- 
side and two tube-side passes, is plotted in Fig. 1 against P and 
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P = — — th) 
R = — T:)/(t — th) 
The curves of Fig. 1 are based on the integrated equations ob- 
tained by Underwood (2) and by Yendall, rather than on the 


graphical integrations of Nagle (1), from which they differ by as 
much as 2 percent. The integrated equation for At,, is 


| At,, (one-two exchanger) = 


V (1: — 73)? + — 6)? 

“+ + V — Ts)* + 


This equation may be transposed into the following form, in 
which the F factor for one-two exchangers is expressed in terms 


of P and R. 
/ lo 


F 
VR? +1 
R—1 
In Equation [6], and in subsequent Equations [7] and [8], the 
expression 


(3] 


(2/P) -1—R+ 
(2/P) -1—-R—V R41 


1—P 
1— PR 


logio 


1—P 
— PR 


| 


] 
1 Of£10 


becomes indeterminate when R = 1, but the usual treatment for 
such indeterminates reduces this expression to 


2.3 (1 — P) 


The correction factor is exactly the same whether the shell-side 
fluid enters at the fixed or the floating head. 

One Pass Shell Side; Four Passes Tube Side. The correction 
factor for one-four heat exchangers is slightly less than that for 
one-two exchangers, but the difference is so small that separate 
curves are unnecessary. Underwood’s integration is expressed 
in hyperbolic functions, and Yendall’s in logarithms; but the 
numerical results appear to be the same. Based on Yendall’s 
work, the correction factor may be expressed as 


F = 
R. The latter are dimensionless ratios, defined as follows: 
Numbers in parentheses refer to the Bibliography at the end of log / log ( [7] 
the paper. 2(k — 1) 1— V (V4R? + 1 + 2k) 
\ NIN T T 
\ \ \ \ NA N J 
2 R= + 2.04— I. 0. 
\ 
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where 


4T,— (ti + 2t; + tr) 


and ¢; is the intermediate temperature of the tube-side fluid 
where it leaves the second and enters the third tube-side pass. 
The value of t; may be obtained by trial-and-error solution of 


_1+V + 1—2R) 
1— V + 1 + 2R) 


One Pass Shell Side; Six Passes Tube Side. Nagle (1) found 
that the correction factors for one-six exchangers agreed so closely 
with those of one-two exchangers operating with the same ter- 
minal temperatures that the curves of Fig. 1 may be used for this 
case. 

One Pass Shell Side; Infinite Passes Tube Side. It has been 
pointed out by Bowman (3) that the correction factor F for a 
multipass heat exchanger, having one shell-side pass and a 
very large number of tube-side passes, approaches as a limit the 
case of crossflow with both fluids completely mixed. Even in 
the limit, however, the value of F is generally only 1 to 2 per cent 
less than that of the one-two exchangers. 

Two Passes Shell Side; Four Passes Tube Side. The foregoing 
discussion indicates that the correction factors for heat ex- 
changers with one shell-side pass and two, four, six, and infinite 
tube-side passes are essentially the same. In many jobs that 
reach the designer, however, these types of exchangers are 
inefficient or entirely inoperative, and an arrangement giving 
higher values of F is required. This may be obtained by the 
use of two exchangers in series or of a single exchanger having 
two shell-side passes and four tube-side passes. The correction 
factor F for two-four exchangers piped in the usual manner to 
approach countercurrent flow is given graphically in Fig. 2 
and algebraically by the following rearrangement of Underwood’s 
equation for two-four heat exchangers 


F Ve +l, 1—P 


(2/P)—1 PR) R41 


2 
(2/P) PR) — VRP +1 


The derivations leading to Fig. 2 and Equation [8] involve the 
additional assumptions that there is no leakage of fluid or heat 
across the transverse baffle separating the two shell-side passes. 


Three and More Shell-Side Passes. Bowman (3) developed a 
general method for calculating the F factors of three-six, four- 
eight, six-twelve, etc., heat exchangers from the correction 
factors of one-two exchangers. At any given values of F and R, 
the value of P for an exchanger having N shell-side and 2N 
tube-side passes is related to P for a one-two exchanger by the 
equation 


For the special case of R = 1, Equation [9] becomes an indeter- 
minate which reduces to 

PiaN — Pisa + 1 


Py.n = 


The results are given in Figs. 3, 4, and 5, which may also be 
used with little error for exchangers that are multiples of the 
one-four or the one-six, rather than the one-two exchanger. 

From an inspection of Figs. 1 through 5, it may be seen that, 
for any value of P and R, the correction factor approaches unity 
as the number of shell-side passes is increased. This is to be 
expected, since a multipass exchanger with several shell-side 
passes approaches the ideal countercurrent heat exchanger more 
closely than does one with one shell-side and two or more tube- 
side passes. 

In all the cases mentioned, the ratio of tube-side to shell-side 
passes is an even number, such as 2, 4, or6. However, Fischer (4) 
has pointed out that there is some improvement in the mean 
temperature difference if the ratio of tube-side to shell-side passes 
is an odd number and the exchanger is so connected that the 
tube-side fluid is flowing counter to the shell-side fluid in over 
half the passes. 

One Pass Shell Side; Three Passes Tube Side. The correc- 
tion factors F, for one-three heat exchangers and for two-six, 
three-nine, and four-twelve exchangers have been derived by 
Fischer (4) and presented in the form of tables and charts. In 
each case, the value of F is greater than is found in exchangers 
having the same number of shell-side passes but an even num- 
bered ratio of tube to shell passes. The improvement in mean 
temperature difference resulting from the use of three tube-side 
passes per shell-side pass instead of two or four is, however, by 
no means as great as that resulting from an increase of one in the 
number of shell-side passes. Correction factors for the one-three 
exchanger are given in Fig. 6. 

Effect of Variation in Heat-Transfer Coefficient. The preced- 
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ing derivations are based on the assumption that the over-all 
heat-transfer coefficient U is constant throughout the heat ex- 
changer. For the case of countercurrent flow in which U 
varies linearly with temperature, Colburn (13) has derived the 
general heat-transfer equation 


Q Us (T; — — Ui (T: — 
AO U2 (T; — 
$8 
Ui — th) 


where U; is the value of U at the 7; end of the exchanger and U, 
at the 7, end. This equation has been combined by Sieder and 
Tate (Industrial and Engineering Chemistry, vol. 28, 1936, p. 1434) 
with the correction factor F for use with multipass heat exchang- 
ers 


AO ont (7; — 
at 
Ui (T: — th) 


Until this equation has been tested more extensively its use 
should be limited to multipass exchangers having only one shell- 
side pass. 


EXAMPLES APPLYING TO MuLTIPASS EXCHANGERS 


The examples illustrating the variation of the mean tempera- 
ture difference with type of heat exchanger are shown in Table 1. 


TABLE 1 EXAMPLES ILLUSTRATING VARIATION OF MEAN 
TEMPERATURE DIFFERENCE WITH TYPE OF HEAT 
. EXCHANGER 
Example No. 1: 
Where 7; = 300 F, 7: = 200 F, ti = 100 F, tf: = 200 F 
(R = 1, P = 0.5) 


At 

Exchanger F deg F 
Two-pass countercurrent crossflow, one fluid mixed...... 0.970 97.0 
Horizontal film-type, helical connection............... . 0.960 96.0 
Horizontal film-type, return-bend connection 0.915 91.5 
Single-pass crossflow, both fluids unmixed. . 0.910 91.0 
One-three multipass ................ 0.840 84.0 
Single-pass crossflow, one fluid mixed................ 0.835 83.5 
Single-pass crossflow, both fluids mixed................ 0.790 79.0 
Two-pass cocurrent crossflow, one fluid mixed........... 0.405 40.5 
Example No. 2: 
Where T; = 300 F, 7: = 200 F, i = 160 F, 2 = 260 F 

(R = 1, P = 0.714) 
Atm, 


Exchanger F deg F 


1 

0 

0. 
Two-pass countercurrent crossflow, one fluid mixed...... oe 29.8 

0 


Horizontal film-type, return-bend connection........... 0.395 15.8 
Single-pass crossflow, one fluid mixed.................. Impossible 

ingle-pass crossflow, both fluids mixed..... ..+++ Impossible 

Impossible 

Wo-pass cocurrent crossflow, one fluid mixed........... Impossible 


In the first example, all arrangements except that of cocurrent 
flow can be used. In the second example only countercur- 
rent-flow heat exchangers, or multipass exchangers, which have 
two or more shell-side passes, can possibly give the desired 
results, 

In the design of multipass heat exchangers, the general rules 
of Fischer (4) applying to mean temperature difference, should be 
kept in mind. These are quoted as follows: 

1 When the number of tube passes per shell pass is even, the 


mean temperature difference is independent of the direction of 
flow of the shell fluid in each shell pass. 

2 When the number of tube passes per shell pass is odd, the 
mean temperature difference depends on the direction of flow of 
the shell fluid in each shell pass and is greatest when the counter- 
flow tube passes exceed the parallel-flow tube passes in each 
shell pass. 

3 In multi-shell-pass exchangers the over-all mean tempera- 
ture difference depends on whether the flow of the fluids between 
the shell passes is counter or parallel flow. 

4 The equations available for solving the true mean tempera- 
ture difference applying to multipass heat exchangers can be 
made general by letting the 7 values represent the hot-fluid and t 
values represent the cold-fluid terminal temperature. 

Use of Correction Factors in Design. From the standpoint of 
mean temperature difference alone, it is desirable to use the same 
number of shell passes as of tube passes since by so doing true 
countercurrent flow can be obtained. However, structural and 
servicing considerations limit the number of shell passes, two 
passes in general being the maximum number for one shell. 
On the other hand the minimum number of tube passes is set by 
the quantity of fluid, the allowable pressure drop, the available 
space, and the costs of construction. Any reduction in the 
number of tube passes below this figure will result in a lowered 
heat-transfer rate which may overbalance any gain in mean 
temperature difference. 

The usual procedure in designing a heat exchanger is, then, to 
choose the number of tube passes on the basis of the foregoing 
considerations and then to select the number of shell passes which 
will give a satisfactory mean temperature difference. If the 
use of two passes gives too low a correction factor, the usual prac- 
tice is to divide the required surface among two or more shells in 
series. 

Probably the most noticeable feature of the correction curves 
is the fact that they all have a very steep gradient for the lower 
values of the correction factor. In other words, a relatively small 
change in temperature conditions will cause a large change of F 
and consequently of the mean temperature difference. It also 
follows that a small deviation from the assumed conditions on 
which the curves are based will cause an appreciable error in 
mean temperature differences derived from this part of the curves. 
For instance, an exchanger might be expected to work with a 
mean temperature difference of 50 per cent that of a counter- 
current exchanger on the basis of the correction-factor curves, 
whereas, it may actually be an impossible condition, due to the 
fact that there is leakage of fluid or heat through the longitudinal 
shell baffle contrary to the assumption of zero leakage. 

Consequently, the use of correction factors below 0.8 seems to 
be questionable from a design standpoint. In those cases where 
such low correction factors are indicated, one or more additional 
shell passes should be used. Also test data, obtained under con- 
ditions which give low correction factors, should not be accepted 
too readily for general application. 

The use of exchangers with three tube passes per shell pass 
gives some improvement in mean temperature difference and 
there are applications where this is of value. Unfortunately, 
the greatest improvement comes at the lower values of correction 
factor where the use of the calculated data for any type of ex- 
changer is none too safe. Furthermore, mechanical and thermal 
difficulties may prevent the use of this arrangement in the ma- 
jority of cases. 

When only the inlet temperatures, rates of flow, heat-transfer 
area, and coefficient are known, the method of Ten Broeck (5) 
is especially useful. The exit temperatures are easily obtained 
from his type of plot, eliminating the necessity of trial-and-error 
solution. 
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CrossFLOW ExcHANGERS 


Crossflow exchangers have the fluids flowing at right angles, 
therefore, neither the cocurrent nor countercurrent equations 
for mean temperature differences can be applied. The tempera- 
ture of the fluid may vary in a direction normal to its flow as 
well as with the direction of flow. At the outlet, all infinitesimal 
sections of the stream may be at different temperatures as each 
was subjected to a different range of temperatures of the other 
fluid. The final outlet temperature is obtained by complete 
mixing of all infinitesimal sections. Mixing may take place 
within the exchanger and, if completely mixed, the fluid will have 
a temperature gradient only in the direction of flow. Therefore, 
the mean temperature difference is dependent upon whether either 
or both fluids are unmixed or mixed. In any practical crossflow 
exchanger, the case of unmixed fluids is more nearly approached 
than that of completely mixed fluids. Shell-and-tube exchangers 
with many transverse baffles are not crossflow exchangers be- 
cause, even though the flow is normal to the tubes, the tempera- 
ture change of the shell fluid is negligible for any baffle pass, the 
temperature gradient being parallel to the tubes. Conversely, 
as the number of shell-side passes in crossflow exchange is in- 
creased, the more closely will the case of cocurrent or counter- 
current flow be approached. 

Mathematical analysis of the mean temperature difference in a 
single-pass crossflow exchanger was initiated by Nusselt (6, 7). 
Smith (8) finished the analysis of the remaining cases of single- 
pass crossflow and extended it to two cases of two-pass crossflow 
exchangers. While others have presented equations or methods 
to determine the mean temperature difference, only Nusselt (7) 
and Smith (8) have carried out their calculations and presented 
tables or graphs from which the mean temperature difference 
may easily be computed from the known terminal temperatures. 

There are several methods of presenting the results of the 
analyses of crossflow; each has certain advantages. Smith 
and Nusselt use a method in which the temperature-difference 
relationships depend upon three parameters which are defined as 


T,—T; 

P T,—t 
te ty 

q — t 
At, 

—t 


Substituting these parameters in the log-mean temperature- 


difference equation for countercurrent flow yields 


1—q 
0; 
Be) 


ro {countercurrent flow) = 


The method adopted for this paper is that of comparison to the 
log-mean temperature difference for countercurrent flow, which 
represents the maximum obtainable difference. This involves 
the use of F, P, and R which can be expressed in terms of the 
three parameters by the following relationships 


r(crossflow) 


= 
ro (countercurrent flow) 


q 
P= = —— 
qd T.—t 


By means of these relationships Smith’s data (8) have been trans- 
posed into the curves Figs. 7 to 11. In the present form, the 
efficiency of the type of exchanger being considered is given by F. 
It is also easily apparent whether the exchanger will operate 
under the given conditions and what penalty is paid in the form of 
a poor correction factor F. For performance calculations on a 
known exchanger, the method of Ten Broeck (5) is especially 
useful. 

The single-pass crossflow exchanger is the only case which has 
been completely investigated for all types of flow. Only several 
of the more important types of flow have been presented for the 
double-pass exchanger and the double-pass trombone exchanger. 
Mean temperature differences for more than two passes have 
not been determined except for the trombone exchangers. As 
the number of passes increases, the log-mean temperature differ- 
ence for cocurrent or countercurrent flow will be approached, 
but no rule can now be given for the number of passes required 
before serious errors are introduced by use of these limits. 

The integrations for mean temperature difference were made 
under the following assumptions: 

1 The over-all heat-transfer coefficient U is constant through- 
out the heat exchanger. 

2 The rate of flow of each fluid is constant. 

3 The specific heat of each fluid is constant throughout the 
heat exchanger. 

4 There is no condensation of vapor or boiling of liquid in 
part of the exchanger. 

5 Heat losses are negligible. 

6 There is equal heat-transfer surface in each pass. 

7 The fluid is either unmixed or completely mixed normal to 
the flow, depending upon the type of flow assumed. 
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Single Pass; Both Fluids Unmixed. Each fluid crosses in a 
series of independent infinitesimal streams between which there 
is no mixing or heat transfer until the outlet is reached. Since 
each stream is subjected to a different range of temperatures of 
the other fluid, the streams will have different outlet tempera- 
tures, the final outlet temperature being the result of mixing of 
all streams. This assumption represents only the limit for any 
actual heat exchanger. However, it is nearly approached when 
one fluid flows through many tubes and the second fluid, crossing 
outside the tubes, is divided into many streams by baffles. In 
plate exchangers, mixing is prevented by baffles on each side. 

This type of crossflow has been frequently investigated. 
Nusselt’s first solution (6) contained slowly converging series 
and in a later paper (7) a more rapidly converging series was 
obtained. Roszak, Véron, and Tripier (9), Binnieand Poole (10), 
and Liebaut (11) have all presented solutions of varying com- 
plexity. Fig. 7 was obtained from values calculated by Nusselt 
and based on the equation 


= ( —1)*+" (u + v)! u q v 
\ ul(u + + \r 
u=0 v=0 


[10] 


Single Pass; One Fluid Mixed, Other Unmixed. In this case, 
one fluid is so completely mixed normal to its flow that there is no 
temperature gradient. The second fluid is assumed to consist of 
independent streams between which there is no mixing. This is 
approached by the first fluid flowing across tubes with no baffles 
to prevent mixing and the second fluid flowing through tubes. 
This type of flow is obtained in a single-pass trombone exchanger. 
Here, as in subsequent cases where one fluid is mixed, p refers to 
the mixed fluid, g to the unmixed. Fig. 8 is based on the graphs 
of Smith (8) which were calculated from the equation 


wits q 


1 


1 


log. 


Comparison of the graphs shows the correction factors F are 
lower than in the preceding case. If an exchanger is to be de- 
signed with predetermined terminal temperatures, but the choice 
of fluid which is to be mixed is open, a larger correction factor F 
is obtained if the fluid with the greater temperature change is 
chosen for the mixed fluid. However, the increase in most cases 
is small. 

Single Pass; Both Fluids Mized. The remaining limiting case 
for single-pass crossflow is where each fluid is completely mixed 
so there is no temperature gradient normal to its flow. In Fig. 9 
the correction factor F, is lower than in either of the two other 
cases. Here it is possible to get into a region where reversed 
heat flow may take place, that is, near the outlet the original cold 
fluid may be hotter than the other fluid. Fig. 9 is based on the 
graphs of Smith (8) which were calculated from the equation 


r r 
l—e r l—e r 


Two-Pass Crossflow Exchangers. Two identical crossflow 
exchangers may be connected in series in at least ten different 
ways, as shown schematically in Table 2. Each of these ar- 
rangements can be operated either co- or countercurrent. The 
cases which have been partly or completely solved follow: 

Ta Both Fluids Mized. This case can be solved by trial 
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CASES OF TWO-PASS CROSS-FLOW 


(CASES MARKED WITH TRIANGLE ARE EITHER 


TABLE 2— SCHEMATIC ARRANGEMENTS OF VARIOUS 
| PARTIALLY OR WHOLLY SOLVED) 


4 


FLUID B MIXED FLUID BUNMIXED IN ANY PASS 
UNMIXED BETWEEN PASSES MIXED BETWEEN 1 
[ INVERTED ORDER | IDENTICAL ORDER| — PASSES | 
| | t ; 3 t t 
1 B+ Bg Be 
|= 
3+4- —+4 
ie 2 
|> 
“eee A A A A 
| | t t 
| is Be B- B~ 
Bae | 
| | i 
| TT 
| 
iz} b ds 
same as !-b 
zis) | A a A A 
12 (Sie | 
< | 
| z B- B- B- 
is 
z | 3 
| a b 4 
same as I-c same as I-c same as I -c 
A A A 
> 
\z tt +++ B B 
14 + + 
= ae be c 
same as same as II-d 


and error for the intermediate temperatures using the correc- 
tion factors for the corresponding single-pass case. The cor- 
rection factor for each pass is the same. Equation [9] is useful 
for countercurrent flow. 

Ib Fluid A Mized, Fluid B Unmized, Passes Connected in 
Inverted Order. This is exemplified by the trombone cooler with 
return-bend connections. 

Ie Fluid A Mized, Fluid B Unmized, Passes Connected in 
Identical Order. This is exemplified by the trombone cooler wit! 
helical connections. 

Id Fluid A Mixed, Fluid B Unmixed, Except Between Passes. 

Here it is assumed that the unmixed fluid makes two passes 
through the tubes but is mixed to a uniform temperature between 
the passes. The second fluid is completely mixed at all time: 
and flows across the tubes of the second and first tube passes i2 
series. Fig. 10 was obtained from the graphs by Smith (8 
which were determined from the equation for the countercurrent 
case 


When the present case is changed to cocurrent flow it * 
possible to obtain reversed heat flow due to the temperatures ” 
the fluids crossing. The correction factors F in Fig. 11 app! 
to the log-mean temperature difference for countercurrent flo 
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as this is the basis for all other graphs. Fig. 11 is based on the The final temperature of the liquor, t2, is the result of complete 


graphs of Smith (8) which were calculated from the equation mixing of each independent stream, which was at a different tem- 
perature when leaving the bottom pipe. 

[14] Return Bends. Here the fluid in the tube in one pass flows in an 

en as opposite direction to the fluid in the pass immediately above 

1— q oe. —— a - or below. There is only one bank of pipes formed with this sys- 

Pp qt+p 1— (p + q) tem of connections. Fig. 12 is based on curves obtained for two 


passes from the equation 
IId_ Both Fluids Unmixed, One Mixed Between Passes. This 
case is treated by Schumann (14) for co- and countercurrent 1 K Kp Kp 
flow. The method of analysis developed depends upon calculat- 1—p . om q + (1 — &) sinh or (15) 
ing each pass separately. At the present time, no simple rela- 
tionship has been developed to determine the mean tempera- where K = 1 — e~9/2". 
ture difference for both passes from the terminal temperatures. Helical Connection. In this case the pipe may be considered 
One pass is the same case developed by Nusselt, the other, how- as an elongated coil forming two banks of pipes. The direction 
ever, is complicated by an initial temperature distribution enter- of flow through all pipes in a given bank is the same. Fig. 13 


ing the pass. is based on curves obtained for two passes from the equation 
1Vd Fluids A and B Unmized But Mized Between Passes. 
This is treated in the same manner as Ja. -Ke/a (16] 
Hortzontat Fitm-Type ExcHANGERS q 


Horizontal film-type exchangers (also called trombone or where K = 1 — e~9/’, 


trickle coolers) are simply banks of horizontal pipes, one above M T D T g 
Mean TEMPERATURE DIFFERENCE IN SERIE 
theJother, over which a film of fluid is distributed. These ex- 


HEATED 0 I 
changers are frequently used because of their simple and cheap = Cocmmn av Come 


construction and the ease of cleaning the outside of the pipe. There are occasional processes where a fluid is heated or cooled 

The equations for any number of passes of horizontal film- in a series of tanks by coils. One fluid overflows from one tank 
type exchangers have been derived. The cases solved are for to another, each tank being at a different temperature. Fluid 
countercurrent flow and for the return-bend and helical systems in the coils may be in series countercurrent to the tank fluid or 
of connecting the passes” The usual assumptions given at the each coil in a tank may be fed separately. The problem in de- 
beginning of this section are made. In addition, it is assumed _ sign or analysis of data arises when only the number of tanks 
that the temperature of the ffuid, inside the pipe, 7’, is uniform and the terminal temperatures are known. A method has been 
throughout its cross section at any point. Itisalsoassumedthat derived for such cases. For this case, assumptions are made as 
the liquor flowing over the banks of pipes is not mixed laterally. follows: 
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Heat-transfer area and coefficient in each tank are the same. 
Each tank is at a constant and uniform temperature. 
Heat transferred is sensible heat. 

Specific heats are constant. 

Temperature and flow of fluids are constant. 


om 


Tanks in Series; Coils in Series Counterflow 
Let T:,.., T, = temperature of feed to first, second, ...n tank 
= temperature of coil liquid leaving the first, 
second, ... m tank 
= temperature of liquid entering n tank 


By a heat balance 


we T,—Tatr Ti — Tat 
— =R= = 17 
wc t, — tn+1 — (17) 
for any tank, say tank No. 2 
T; —ts) — — 
we — ts) = UA .....: [18] 
ts 
T:—t 
and with UA constant for all tanks 
UA — tnt 


From Equations [17] and [19] it may be shown that 


R R—1 
T2—t, — titi 
Tn+1 — tn+i 
h 
Tati — 
Therefore, the ratio of the terminal temperature differences for 
n tanks is 
R—1\" 
=(R———) =2"........ 20 
Ta+1 tn+i ( ) 


By adding Equation [18] for every tank and noting the rela- 
tionship given in Equation [19] 
t tn 
we(t tn+1) = UA 
loge 


but we(t; — tn+1) = UAndt,, by definition, therefore 


which may be expressed in terms of the terminal temperatures. 
If R, ¢, and the inlet temperatures are known, Equations [20] 
and [17] may be used in calculating the intermediate tempera- 


tures. 
From Equation [20] 
Ti —th = Z*T asi — [22] 
and from Equation [17] 
Ti: — Tati = Rt; — Rtati 
solve for t; in Equation [22], substitute in Equation [23], and 
simplify to obtain 


ti — tn+i —1 
Ti — ta+i 
These relations can be constructed into a simple graph. In 
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Fig. 14, the line OG is drawn through point 71, 4: with a slope of 
R. The line OH is drawn to divide any horizontal segment 
GI between OG and the diagonal OJ in such proportion that 
GI/HI = ¢. By similar triangles G]/HI = GE/HJ, which latter 
expression is ¢ by definition. The temperature in any tank is 
found by proceeding stepwise from 7) and t; for n steps. 

Tanks in Series; Coils in Parallel. In this case, let t: = inlet 
temperature of all coils and tz, ts,...tn+1 = outlet temperature 
for first, .... n tanks. 

For any tank, say tank No. 1 


(T: — — (T: — 


we(te = UA Tht, [25] 
If UA is the same for each tank 
UA Tati — 
Tati — tn+i (26) 
From Equations [25] and [26], it is readily found that 
T; — ty ty 
l = = = ’ t 27 


an 


1 
1 
ts 
Fic. 14 DraGRaAM FoR GRapHICAL SOLUTION FOR TEMPERATURES 
In SERIES OF TANKS HEATED OR COOLED BY A SERIES OF COUNTER 
CURRENT COILS 


Tati — 
where 
4 Tn+i — 
Ti —t 
whence 28} 
[28] 


Batcu HEATING or CooLina 


Many industrial processes are operated batchwise; and 
where the material is heated or cooled the problem of determining 
a mean temperature difference varying with time is encountered. 
Several methods have been derived for calculating heat transfer 
or the mean temperature difference. Perry (12) presents one 
of the final equations and attributes the derivation to Boeltet 
and Cherry. The equations were integrated with the following 
assumptions: 

‘ 1 The rate of flow and inlet temperature of the heating ” 
cooling medium are constant 
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2 The specific heat of each fluid is constant. 

3 Only sensible heat is involved, there being no change 
of phase or heats of reaction. 

4 The batch fluid is well agitated and of uniform tempera- 
ture 7’. 

5 Heat losses are negligible. 

6 The over-all heat-transfer coefficient U is constant. 


The general design equation is 


Q=UAA,0 = MC(T; —T)............ [29] 
and expressed differentially as 
dT _ —UAdo (301 
(T t) mn — MC eee eee 


where (7’ — t),, is the log mean of (J — t,) and (T — ,), t, 
and t, being the inlet and outlet temperature of the flowing fluid 
attime @. A heat balance on the batch and cooling media at time 
0 is 


we(t, = —MCadT.............. {31] 
Solve Equation [31] for t, and substitute in the log-mean tem- 
perature difference (7’ — ¢),, in Equation [30]. This gives 
T —t, At, AU [32] 

MCdT AL, we 
T—t,+— 


which may be rewritten and integrated over time period ©, to 
give 


-AU 
Q = we0(T — te) m (, —e =) [33] 


weO (T — ta) m 


where (7' — t,),, is the log-mean difference of the terminal batch 
temperatures and the inlet temperature ¢t, of the medium. 

Either Equation [32] or [83] may be used depending upon the 
information available. Equation [32] is useful when the tem- 
perature rise of the heating or cooling medium is known at any 
tine 6 and batch temperature 7. With this equation experi- 
mental data may easily be investigated to determine the variation 
of the over-all coefficient U. If the over-all coefficient varies 
48 a straight-line function of temperature 7’, then Colburn (13) 
has shown that the value of UAt,, should be the log mean of 
U;At, and U,At;. Equation [33] is useful in design because it is 
not necessary to know the exit temperature of the flowing fluid. 
The foregoing equations were derived on the assumption of com- 
plete mixing of the batch at any time; this, however, is seldom real- 
wed in actual operation. In the other extreme of no mixing the 
problem is that of unsteady-state conduction. Methods of de- 
termining mean temperature for various degrees of mixing have 
hot been developed. 


or — UA = 2.3 we logio (: 
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Discussion 


E, A. ScouMANN, Jr.5 The writer is well aware of the enormous 
labor expended in the preparation of the various correction-factor 
plots given in this paper and feels that the authors are to be 
thanked for their contribution to heat-transfer-design data. 

A comment seems appropriate on the significance of the di- 
mensionless correction factor F in studies of the relative merits of 
counterflow and unmixed crossflow heat exchangers. It is read- 
ily seen that the correction factor represents a ratio of mean 
temperature differences. 


P= At,, (crossflow) 


At,,’ (counterflow) 
and further, that 


U' A’(counterflow) 


U A(crossflow) 


Since F is less than unity 
UA > U'A' 


and for identical rates of heat absorption in both types of ex- 
changer, it is apparent that the extent of crossflow heating surface 
need not be greater than that in the counterflow exchanger, as is 
sometimes supposed. 

On the contrary, designs which can be adapted to high mass- 
flow rates of the shell-side fluid (tubular-type unmixed crossflow 
exchanger) commensurate with economical pressure drop may 
be made to operate with higher shell-side fluid conductances than 
could be obtained in a counterflow installation. 

Finally, any correction factor based on the authors’ argu- 


5 Engineer, Construction Department, The Detroit Edison Com- 
pany, Detroit, Mich. Jun. A.S.M.E. 
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ment P, and fluid ratio R, is only as reliable as the assumption 
made regarding the strictness with which the expected or actual 
flow directions adhere to the ideal crossflow. 


Avurnors’ CLOSURE 


The intent of this paper is to present a simplified method for 
determining the true mean temperature difference for various 
types of flows encountered in heat exchangers from the log-mean 
temperature difference by applying a correction factor. The cor- 
rection factor F should not be interpreted as indicating the rela- 
tive merits of countercurrent exchangers with other flow-type 
exchangers as this would hold only under the special conditions 
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of identical flow rates, temperatures, and heat-transfer coeffi- 
cients. While it may be possible by using an exchanger other than 
a countercurrent type to increase the over-all heat-transfer 
coefficient more than the lowering of the true mean temperature 
difference, there are, however, some types of exchangers for 
which certain temperature conditions cannot be met irrespective 
of the value of the heat-transfer coefficient; this is shown in 
example 2 of Table 1. No method of calculating the true mean 
temperature difference for the crossflow case has been developed 
for cases where the flow is not either completely mixed or un- 
mixed; this was specified in the assumptions on which the 
equations are based. 
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Automatic Control in the Presence of 


Process Lags 


In this paper, the methods of ‘Quantitative Analysis of 
Process Lags’ developed in a previous paper® are extended 
to include automatic control. Carrying on the idea of 
representation by liquid-level systems, a specific system is 
postulated as a model for a typical industrial process 
which may or may not be thermal. Continuing the quan- 
titative approach, the mathematical machinery is demon- 
strated by which the operation of control on processes 
may be investigated. A selected succession of controllers, 
characterized by the laws of control which govern them, 
are considered in connection with their performance on 
the model system. Although no attempt has been made 
to formulate rules governing the proper application of 
the various types of controllers considered or governing 
the adjustment of any of these individual types, the 
authors consider that analyses of this sort may well serve 
as a guide to practical theorems in a technology of auto- 
matic control. 


systems was discussed in a former paper’ presented 

before this Socitty. These systems exhibited char- 
acteristics similar to those of industrial processes in which con- 
trol-resisting lags are found, and were thus proposed as con- 
venient models for such processes. To bear out the implied 
analogy, the models themselves, considered as liquid-level sys- 
tems, were developed side by side with equivalent thermal sys- 
tems. In this way it was found possible to give definite analytic 
form to the all-important dynamic properties of equipment to 
which the application of automatic control is contemplated, 
and to justify a professed effort to fill the gap in a literature 
otherwise primarily concerned with the properties of the controls 
themselves. 

Having already dealt with the inherent attributes of a few 
such model systems, the authors will show in the present paper, 
how the treatment may be extended to cover their behavior 
under automatic control. The procedure will be to choose a 
specific model process to which to apply a succession of types of 
controls (assumed to be pneumatically operated), the model 
being one which is representative of a typically difficult prototype 
system, involving a combination of capacity and transfer lags. 
For concreteness, this prototype system may be considered as a 
thermal process, although it could equally well involve hydraulic, 
pheumatic, or electrical phenomena, either singly or in com- 
bination. 

Although the alleged purpose of an automatic-control in- 
stallation is that of holding constant a certain process variable, 
this is in reality only accomplished by a series of recoveries from 


' Director of Control Research, The Foxboro Company. 

* Research Engineer, The Foxboro Company. 

‘Quantitative Analysis of Process Lags,’’ by C. E. Mason, Trans. 
AS.M.E., vol. 60, May, 1938, pp. 327-334. 

Contributed by the Committee on Industrial Instruments and 
Regulations of the Process Industries Division, and presented at 
the Annual Meeting, Philadelphia, Pa., December 4-8, 1939, of Tae 
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threatening unbalances, the continuity of which constitutes 
the record of control. In practice, the disturbances are nor- 
mally gradual to some degree. It is this fact which makes 
possible the apparent elimination of the effects of upsetting in- 
fluences. 

Since it is obviously impractical to draw conclusions as to the 
over-all (transient) characteristics of the combined system 
through the application of any series of influences, it is desir- 
able to select an isolated, suddenly applied, disturbing influence. 
The results of such a disturbance must involve the complete 
transient characteristics of the process and controller in com- 
bination. 

The model system selected as representative is shown in Fig. 1. 
The capacity and resistance elements of which it is constructed 
are the same sort as previously described.*? 7, T,, and T, are 


‘Ch 
Ac 
Q 
Re 
Ab 


Fie. 1 Hypravutic or a Continuous Process 


levels (potentials) in the three tanks, the equivalent areas‘ (ca- 
pacities) of which are A,, A,, and A,. These areas are inter- 
connected through the restrictions (resistances) R,, R,, and R,,. 
The flows Q,, Q,, Q., Q,, and Q, are disposed as shown. 

The level T, in A, is intended to be the controlled variable, 
while the supply flow Q, is to be given the role of manipulated 
variable by means of which the control of T, is accomplished. 
The auxiliary-supply flow Q, provides a means for altering the 
load condition, for on the value of this flow depends the value of 


TABLE 1 SUMMARY OF PHYSICAL UNITS ro HYDRAULIC 

MODEL AND THERMAL PROCESS 

Units 
Dimensional Hydraulic Thermal 
symbol counterpart counterpart 

Potential (T)....... Inch or head)... (temp) 
Resistance (R)......[W=PT].. min) Deg/(Btu/min) 


Q, necessary to produce any given eventual (or potential) value 
of the controlled variable T,. The output flow Q, is directly 
dependent at any time on the value of 7, and in equilibrium is 
equal to the sum of Q, and Q,. 

The physical units for the various constant and variable fac- 
tors or quantities will be taken as those employed in the former 
paper,’ although of course any consistent system of units could 


‘ A factor proportional to the area, and numerically dependent upon 
the units used. 
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be chosen. Table 1 summarizes these units both for the hy- 
draulic model and for the corresponding thermal process. 

Since the model shown in Fig. 1 is similar in form to that given 
as case VI (Fig. 11) in the former paper,’ differing therefrom 
only in the inclusion of the cascaded capacity A,, it will be ap- 
propriate to assign the same numerical values to the constants 
of the system, in so far as this is possible (Table 2). The units 
to be assumed for these system constants are as given in Table 1, 
whether for the hydraulic model or for the thermal prototype. 


TABLE 2 NUMERICAL VALUES OF SYSTEM CONSTANTS 


Aa = 32.00 Ra = 0.1250 
Ab = 16.00 Ry = 0.2500 
Ac = 4.00 Re = 0.0625 


As pointed out, the original process, of which the hydraulic 
system of Fig. 1 is to be considered a model, might have any one 
of a variety of forms. Its nature has been taken arbitrarily as 
thermal. It might, for example, be thought of as a process iden- 
tical with the two-capacity thermal system shown in Fig. 4 of the 
previous paper,® but with the modification that the electric heat- 
ing agency is indirectly manipulated by means of an operation 
involving simple capacity lag, such as exists with a large air 
motor setting a current regulator.’ In any event, for present 
purposes it may be assumed that the model has been faithfully 
constructed, and thus the hydraulic system as sucl may be dealt 
with directly. Incidentally, the possibility should not be over- 
looked that the original, or prototype, system might be of the 
same nature as the model, as for instance a large-scale industrial 
liquid-level process having transfer lag. 

Before proceeding to the application of automatic controls, 
let us briefly discuss the properties of the specific hydraulic sys- 
tem (or analog) from the point of view of the former paper.* 
Since this is a three-capacity system, the differential equation 
describing the dynamic relation between the significant vari- 
ables (7, Q,, and Q,) will be of the third order. The deriva- 
tion of this equation will not be given in its entirety since it fol- 
lows straightforwardly from the methods of the previous paper. 
The fundamental hydraulic equations are 


Ty’ = (Q. — Q)/Ap T,—T, = RQ 
T.’ = (Q,—Q.)/A, = RQ. 


Eliminating all variables except the significant ones 


(As)T,’"" + (A2)T.” + (Ai)T.’ + T, = RQ, + RQ. + 
+ R,(B2)Q,” 


where (A;) = A,R, + A,R, + A,R, + A.R, 
= A,R,A,R, + A.R(A,R, + + 
(As) = A,R,A,R,AR, ee [2] 


(B,) = A,R, + AR, 
(B:) = A,R,AR, 


which is the complete process equation for the system of Fig. 1. 
In the present investigation, the auxiliary flow Q, will be kept 
always at steady values except when suddenly changed from one 
steady value to another in simulation of an instantaneous upset; 
thus for the time intervals considered 


= Q,” =0 


and the process equation becomes 


+ (Ax)T,” + (Ai)T.’ + = + Q,)- - - [3] 


5In this manner, the so-called ‘‘valving’’ lags may be included 
as parts of the process rather than as parts of the controls. 
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Upon insertion of the numerical values given in Table 2 
+ 18.57,” + 10.25 T,’ + T, =0.125 (Q, + Q,)... . [4] 
in which, by way of recapitulation, 


T, = controlled variable 
Q, = manipulated variable 
Q, = auxiliary supply flow 


The supply flow Q, is to be operated on by the controlling ap- 
paratus in its effort to maintain T, at a constant value. The 
auxiliary flow Q, will suddenly be changed from one value to an- 
other under otherwise steady conditions to provide a disturbance 
to the controlled system at an arbitrarily initial instant (¢ = 0). 

As in the former paper, let the desired or normal value (7Ta)norm 
of T, be 


(T,)norm = 80 (in. or deg) 


In the thermal counterpart of Fig. 4,* the auxiliary flow Q, was 
the flow of heat energy—above 0 F—contained in the mechanical 
flow of 8 lb per min of water. Assuming again that initially the 
inlet-water temperature is 60 F, then the disturbance can con- 
sist of a sudden decrease in this temperature from 60 F to 40 F. 
Thus, for the thermal system, the flow Q, had been initially 
8 X 60 = 480 Btu/min, while the altered value of Q, is 8 X 40 = 
320 Btu/min. Hence for either system 


(t < 0) 
(t > 0) 


Q, = 480 (lb per min or Btu per min) 
Q, = 320 (Ib per min or Btu per min) 


Allow the range in which the variable Q, may be changed by 
the controls to be given by 


(Q,)min S Q, S (Q,)max 


(Q,)min = 0 (Ib per min or Btu per min) 
(Q,)max = 640 (lb per min or Btu per min) 


where 


If the controlled variable T, is to be at its desired value 
(T,)norm in the balanced or undisturbed preinitial state, then, 
since the value of the auxiliary flow Q, is already determined 
for that epoch, it will be seen from the steady-state version (all 
derivatives equal zero) of Equation [3] (or Equation [4]) that 
the initial balanced value of Q, must be 


(Q,)init = [(7')norm/R,] — (Q,)init = (80/0.125) — 480 = 160 


Our system is thus prepared for the application of the con- 
trolling apparatus which will now be considered. 


APPLICATION OF ConTROL APPARATUS 


The complete or interconnected control circuit, comprising 
both controlled process and controller, is symbolically shown in 
Fig. 2, in which the process is characterized by the group of its 
inherent system constants, and where the other various com- 
ponents of the controlled system are shown in their functional 
relationship to one another. 

Fig. 3 gives a somewhat more realistic picture of the combined 
system. In Fig. 1 the elements of the process under control 
are shown in greater detail. 

The manipulated supply flow Q, is assumed to be under sut- 
cessful control by means of a flow controller, in which instrument 
the balanced value of flow, or the flow control point, may be set 
by the operating means (the pneumatic operating pressure) of the 
level controller, which is the direct analog of a temperature col 
troller in the thermal counterpart. This instrument contains the 
measuring means and the control mechanism, while the flow cot 
troller acts as a positive controlling means. These assumptions 
will be followed for all types of control mechanism considered. 
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Suppose for simplicity that, as the operating air pressure P, 
Fig. 3, of the control mechanism varies from zero to its maximum 
value, namely, the supply pressure P,, the resulting supply flow 
Q, maintained by the flow controller varies proportionately 
from zero to its maximum value (Q,)max. Thus 


With the operating means of the control mechanism thus di- 
rectly linked to the manipulated flow, the equation of the con- 
trol mechanism may be expressed as a functional relationship be- 
tween the controlled variable 7’, and the manipulated variable 
Q,, or as 


Q, = F(T.) = “controller function” of T, 


This corresponds to the form of the process equation which may 
be written 


T, = F,(Q,) = “process function” of Q,........ [7] 


Equations [6] and [7] are of course symbolic since the functions 
are in general differential expressions and involve time. They 


PROCESS UNDER CONTROL 


CONTROLLED MANIPULATED 
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serve, however, to illustrate the reversal of cause and effect in 
passing from process to controller or from controller to process. 
In tabular form: 


Cause Effect 
ee Manipulated variable Controlled variable 
Controller........ Controlled variable Manipulated variable 


In the “philosophy” of control, this concept may be considered 
basic, 

The exact nature of the functional relation Equation [6] will 
depend upon the particular type of controller under considera- 
tion. The functional relation Equation [7] for the process is 
provided in the present case by Equation [3] (and/or [4]). For 


purposes of comparison, not only among the general controller 
types but between different conditions of adjustment for any 
one type of controller, the same initial conditions and also the 
same manner and magnitude of upset will be assumed throughout. 
Before taking up the controllers in order, it will be informative 
to determine the effect on the controlled variable T, of the dis- 
turbance to be employed when this disturbance acts on the 
system in equilibrium and with the controls assumed inoperative. 
The resulting deviation of 7, will be a standard by which to ascer- 
tain the actual amount of correction brought about by the action 
of the controllers when operative on the process. Thus, it will be 
assumed that the foregoing initial conditions are in effect on the 
process and that, at t = 0, the chosen disturbance is inflicted. 
Since no controller is acting, the supply flow Q, will remain con- 
stant at its initial value, while the auxiliary flow Q, will have its 
new balanced value. Thus from the initial conditions and from 
the process Equation |4}] 


47,‘ + 18.5 7,” + 10.25 T,’ + T, = 0.125 (160 + 320) 


or 


— + 4.625 (T, — 60)” + 2.5625 (T, — 60)’ + 0.25 
(8] 


The solution of Equation [8] to find the variation of 7, as a func- 
tion of time is a procedure similar to those described in the pre- 
vious paper.* It involves the roots of the auxiliary algebraic 
equation. 


k? + 4.625 k? + 2.5625 k + 0.25 = 0............. [9] 


and the initial values of the first and second derivatives of T, 
(rate of change and acceleration immediately following the dis- 
turbance). 

The roots of Equation [9] are all real and negative and may be 
found by any desired method, although in general for speed 
and precision Graeffe’s method* is recommended for any linear 
algebraic equation of higher degree than the second. Asamatter 
of fact Equation [9] is directly factorable in this case (due to the 
cascaded nature of the analog process) and may be written 


(k? + 0.625 k + 0.0625) (k + 4) = 0......... [9a] 
The roots are thus 


ke = —0.125 k, =—4...... [10] 


The initial values of the first two derivatives of T, may be 
determined, through the use of Equations [1], from the change in 
Q, constituting the disturbance. Since the initial value of the 
third derivative of 7, will also be necessary in later examples 
and may conveniently be found in conjunction with the other 
two derivatives, all three have been found for the assumed upset 
and are listed as follows: 


(T,'), =—5 (in. per min or deg per min ) 
(T,"), = +1.875 (in. per min? or deg per min?) 
(T,'"’), = —0.859375 (in. per min® or deg per min*) 


.. [11] 


Reference to Appendix 1’ shows the solution in this case to be 
of the form 


T.—T, = T.— 60 = + + [12] 


6 ‘‘Mathematics of Modern Engineering,’”’ by R. E. Doherty and 
E. G. Keller, John Wiley & Sons, Inc., New York, vol. 1, 1936, pp. 
98-130. 

7 The Appendixes referred to throughout the paper form a mathe- 
matical supplement which does not appear in this publication. A 
limited number of copies of this supplement are available, however, 
and may be obtained from the authors on request. 
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where the k’s are the roots given and the C’s are integration con- 
stants involving both the roots and the initial values of the 
derivatives in a manner shown in Appendix 1.7 Inserting the 
numerical values there results 


T, = 60 + 13.33 e~%- 12 + 6.67 + 0.00 


The integration constant C, is reduced automatically to zero 
for the case chosen, since the system is essentially two-capacity 
with respect to changes in Q, alone, Q, Fig. 1 remaining constant 
along with Q, for the period considered. Thus for the effect of 
the disturbance on 7, in the absence of control 


T, = 60 + 13.33 + 6.67 
Thuswhent=0 T,=(T7.), = 80 (in. or deg) 
and whent— © T,—(T,)© =60(in.ordeg) 


The behavior of 7’, following t = 0 is shown in Fig. 4. An even- 
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tual departure of 20 units from the desired value is evident. 
Plotting may be carried out directly from Equation [13] by 
means of exponential tables, or through the rather more con- 
venient indirect graphical method used in the previous paper 
(Appendix 47). 

In either manually or automatically controlling this process 
(Fig. 1), the flow Q, is changed in an attempt to counteract the 
effect of the disturbance on T,, and eventually to restore this 
variable to its original value. The equation for 7,’ (see Equa- 
tions [1]) and the curve of Fig. 4 show that a change in Q, has an 
immediate effect on 7,. On the other hand a change in Q,, how- 
ever great, can be shown to have no immediate effect on the 
value of 7',, due to the intervening parts of the process between 
the point of application of the manipulated flow Q, and the loca- 
tion of the controlled variable T,. Thus no matter what opera- 
tions are performed on Q,, a certain inevitable departure of T, 
will be experienced, the magnitude of which will depend, not only 
upon the character (including transfer lags) of the intervening 
parts of the process, but also on the amount of the available 
corrective change in Q,. This leads naturally to the subject of 
automatic control. First, that type of control will be considered 
which can produce the greatest initial change in the manipulated 
variable namely 


CONTROL 


Other terms commonly applied to this category are: ‘‘on- 
and-off,” “open-and-shut,” “‘fixed-position” control, and the 
various “....stats.”” The French “tout ou rien” seems par- 
ticularly picturesque. Certainly there is no need to linger over 
this characteristic. The law of control may be summarized 
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briefly, in connection with the system under consideration, as 


= (Q,) max 640 for 4 norm = 80 [15] 
Q, = (Q,) min 0 for > norm = 80 


Since in operation, the value of Q, is constant except for discon- 
tinuous changes involving (theoretically) zero time intervals, the 
resulting behavior of 7’, may be discovered by a series of solu- 
tions of the process equation itself using methods similar to those 
in the foregoing part of this paper and in the previous paper.’ 
This procedure involves dividing the time following the dis- 
turbance into intervals between successive crossings of the de- 
sired value by the controlled variable. Fortunately the linearity 
of the equations permits superposing additively the individual 
results of the members of any combination of causes in deter- 
mining their combined effect. Thus, in the beginning, it is 
merely necessary to add, to the disturbance deviation given by 
Equation [13] or Fig. 4, the deviation caused by suddenly in- 
creasing Q, alone from its preinitial balanced value (160) to its 
maximum value (640). This deviation is similar to curve (a) of 
Fig. 12 in the former paper and is readily obtained, requiring 
merely a different set of boundary conditions to be imposed on 
Equation [4], namely, 


Q, = 640 
Q, = 480 


(T.'), = 0 
0 
T, = 140 


Reference to Equation [1] will show why the first two derivatives 
are initially unaffected by a sudden change in Q,. The numerical 
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solution, which is found in a similar manner to that for the curve 
of Fig. 4, is 


T, = 140 — 82.59 e~ + 22.87 — 0.28 . . (16) 


When this deviation is added to that occasioned by the dis 
turbance alone, the first loop of the control transient is obtained. 
in which 7’, passes through its first (inevitable) minimum ané 
returns sharply toward a new potential value. This stage con- 
tinues only until the desired value is attained, at which time 
another deviation must be added to the sum of the other two. 
This is the deviation caused by an independent sudden variation 
in Q, from its maximum to its minimum value. This algebraic 
addition of a new deviation, at each crossing of the desired value 
(or control-point setting), to the sum of all previous deviations, 
may be continued as far as is practical or desired. Thus, # 
approximately 15 min in this case, we are substantially adding 
together 10 distinct curves. The accuracy of the result be 
comes increasingly questionable due to the difficulty involved 
in exact determination of the time intervals. The resulting co® 
trol transient. (or “‘recovery’’ transient) is shown in Fig. 5. 
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intervals become increasingly shorter as time progresses while the 
amplitude tends toward zero. Limiting conditions of this sort 
are only true in an ideal sense, of course, since even slight im- 
perfections, such as dead zones, friction, discontinuity, etc., 
will make them invalid. It may be noted that, even though the 
flow Q, theoretically never becomes steady, its fluctuations are 
becoming increasingly fast and its average value in this ideal 
case Must approach that required to give 7, the desired value. 
Thus 


(Q,)ave — 320 (Ib per min or Btu per min) 


To avoid the irrational assumption that, preceding the disturb- 
ance, the flow hypothetically had been in a state of constant 
motion throughout its entire range, it will be assumed that the 
process was in equilibrium with the controls inoperative prior to 
t = 0, at which time the controller is made operative simul- 
taneously with the imposition of the upset. 

As already noted, the foregoing results apply only to an as- 
sumedly ideal two-position control mechanism. This condition 
may be approached only with a highly sensitive and responsive 
measuring means. It will be interesting to consider, as an ex- 
ample of what may come under this heading in general, the case of 
a two-position controller in which a certain degree of dead space 
is involved, for example in the detection of the controlled vari- 
able. Here the control mechanism might not sense the actual 
value of 7’, itself but instead that of another variable in imperfect 
correspondence therewith. The imperfection meant here is one 


FLOW IN LB PER MIN OR BTU PER MIN (Qo,Q5) — 


TIME IN MINUTES ——> 


Fie. 6 Recovery TRANSIENTS WitH Two-PosiTtion CONTROLLER 
HavinG ‘‘Deap Space” 


which allows the variable corresponding to T, to follow T, at a 
constant separation \ hen the latter variable moves persistently 
in one direction and to remain unaffected when 7’, reverses its 
direction until 7’, has proceeded in the opposite direction by an 
amount equal to twice the constant separation. This behavior 
8 similar to the action of two imperfectly meshed gears when the 
rotation of the driver is reversible. Let us determine the effect 
on the recovery transient. 

The recovery transient for the two-position controller with 
dead space may be found in much the same way as for the ideal 
instrument, except that the correcting changes undergone by Q, 
occur, not when the desired value of 7’, is crossed, but when 7’, 
has passed beyond that value by an amount equal to 1/; the dead 
wne. This merely requires, in plotting, that the individual 
eects of the changes involved are added together at different 
initial instants. Fig. 6 shows the results for 1 and for 2 units 
(in. or deg) of dead zone, assuming the same initial conditions, 
tte., as before. The oscillations of 7’, can never die out in this 
tase but will eventually settle down to a steady state of oscilla- 
tion with an amplitude which is always greater than the dead 
“ne and which may even be several times the width of this zone 
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when complicated process lags are involved. The manipulated 
variable Q, will continue to fluctuate regularly between its maxi- 
mum and minimum values at definite intervals, which may be of 
objectionable duration. 


ConTROL 


This descriptive, though not particularly euphonious, name has 
been tentatively assigned to a class of control which is widely 
represented in relatively simple applications. Closely allied 
to the simple two-position class, it differs therefrom in that it 
gives to the action of the controlling means a definite constant 
rate when the controlled variable is on one side of the control- 
point setting, and gives (usually) the same rate in the opposite 
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sense when the controlled variable is on the other side of the 
control-point setting. This ‘‘law of control”? may be expressed 
for the case under consideration, as 


= + when 
= —R_ when 


T. < T 


The quantity R is the constant rate at which the manipulated 
variable (the flow Q,) changes. It should be added that this ex- 
pression of the law requires that Q, remain between the limits 
zero and (Q,)max. This type, it is evident, approaches two- 
position control as the rate R becomes progressively larger. 

This characteristic is included primarily for the sake of com- 
pleteness; its behavior in the face of process lags is markedly in- 
ferior. Thus we shall not give the mathematical procedure by 
which determination of its behavior on the chosen system may be 
found, but merely note that this involves solution—by stages—of 
the nonhomogeneous differential equation 


(As)T,'"" + (A2)T.” + (Ai)T,’ + T, — + Rt) = 0 


Results of such determinations are shown in Fig. 7, in which the 
following rates are assumed: 


Case (a) R = 30 (2 or Bet) 


min? min? 
cue) R= 10 Be) 
min? min? 
Case) R= (2 or 
min? min? 


The relatively fast rate used in case (a) is seen to produce an ex- 
cessive overshoot on return, while a considerably slower rate, as in 
case (c), delays recovery from the upset and permits a greater 
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deviation. It is evident that a compromise, as in case (b), is in- 
effective in avoiding these two evils. 

The inadequacy of this type of control in the present instance 
is due to the inclusion of transfer lags in the process. This 
method of control has been used successfully in certain commer- 
cial applications, however, but its success has resulted from an 
abundance of capacity in that part of the process in which the 
controlled variable is measured. When such conditions prevail, 
two-position control would be even more successful in the de- 
gree of control obtainable, but the two-position-with-rate method 
allows much smaller fluctuations in the manipulated flow. 


ILLUSION OF AN IMMEDIATE, ““Exact’’ CORRECTION 


It may be interesting to note the effect, on the behavior of T, 
following an upset, of an enforced immediate change in Q, to a 
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new steady value of such magnitude as to produce eventual 
return by 7, to its desired value. Such a change in Q, would 
necessitate a precise knowledge of the disturbance suffered, and 
might be thought to be an ideal correction. It is ideal, however, 
only in the steady-state sense. By the foregoing superposi- 
tion method employed we may plot the resulting deviation by 
adding to that of Fig. 4 the result of suddenly changing Q, 
from 160 to 320 units (an ‘‘exact” correction). Fig. 8 shows 
the consequent behavior of the controlled variable as a rela- 
tively slow aperiodic return to the desired value, involving a 
considerable maximum deviation. This type of correction 
would be satisfactory, in the transient sense, only if negligible 
lags existed between the manipulated and controlled variables. 
Furthermore, it does not lend itself to automatic execution 
since the measuring means can respond only to the result of a 
disturbance and cannot measure the cause which provoked it. 


PROPORTIONAL CONTROL 


This type is also called ‘throttling’ control, due to the defi- 
nitely allocated band of values (termed the “throttling band’’) 
in which the mechanism acts. The operating means of the 
control mechanism, here the value of the pneumatic operating 
pressure, is made to correspond linearly with the values of the 
controlled variable within the throttling band in such a way that 
the operating pressure has its maximum value when the con- 
trolled variable is at the lower limit of the throttling band and 
has its minimum value when the controlled variable is at the 
upper limit of that band. Whenever the controlled variable is 
below (or above) the throttling band, the operating pressure 
stands at its maximum (or minimum) value. 
trolled variable is precisely in the center of the throttling band, 
at a value arbitrarily called the “control-point setting,” the 
operating pressure stands halfway between its extreme values. 
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Since the manipulated variable Q, is made coextensive with the 
operating pressure of the control mechanism, the foregoing re- 
marks on the behavior of the operating pressure apply directly to 
that variable as well. Thus, assuming that the minimum value 
of the manipulated variable Q, is zero, the law of control may be 
expressed as 


(Q,) max 
(Q,) max b 


where 7’, = control-point setting, or value of 7’, at center of 
throttling band 
b = absolute extent of throttling band in same units as 
For completeness the following boundary conditions should also 
apply 
Q, = (Q,)max for T, < T,, — (b/2) 
Q, = 0 for T, > T.5 + (b/2) 
It will be seen that the equations given merely embody the 


description of the mechanism’s operation. Written in a more 
usable form 


max 
2 b 


Q, 


or, with the assumed numerical datum as to (Q,)max 
Q, = 640 — (1/b)(T, — T.,)].......... [18] 


The control-point setting 7,, and the throttling band b are of 
course “adjustables” of the mechanism. It may be said that 
the characteristic of this controller is a static one, in that the 
value of the manipulated variable at any time depends only 
upon the coincident value of the controlled variable and is inde 
pendent of all previous or subsequent behavior of the latter 
variable. 

The first step in the investigation of the performance of this 
type of control in connection with the specific process will be to 
combine the controller Equation [17] with the process Equation 
[3], obtaining 


(A;)T,/” (A2)T,” (A,)T,’ + RQ, +> R, ES 
(T.— 
or 
(A)T."" + (As)T.” (A,)T.’ + (1 + — T,) = 9 
where 
[19] 
b 
(20 


Now since s and 7’,, will be constant during the time interval 
considered, the combined equation may be written as 


(A,)(T, — T,)’” + (AMT. — T,)’ + (AMT. — 7;)’ 
+ (1+ s8)(7.—T,) = (21! 


The solution of Equation [21] under the usual initial condition 
will give the behavior of 7, following the disturbance undet 
proportional control. The meaning of 7’, is shown (by Equatio® 
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[21]) to be the value at which 7, will eventually balance after 
the oscillations following the disturbance have faded. The con- 
trolled variable will not, except for one particular value of Q,, 
balance out at the control-point setting. This general phenome- 
non is often referred to as “loss of control point.’? With this 
type of control the values of (74)norm, T,, and T7',, are dis- 
tinct and different except for special cases. 

Since the initial value of Q, is known, Equation [20] will yield 
the value of 7’,,, necessary to give an initially balanced value of 


T,, namely (7',),, equal to the desired value (7'4)norm. Thus 
1 T)norm — RQ, 


Two separate cases will be considered in which the throttling 
bands are 


(a)...b = 10 (in. or deg) 
(b)...b = 40 (in. or deg) 
Corresponding to these we have, from Equation [19] 


(a)...s = 8 (dimensionless sensitivity constant) 
(b)...s = 2 (dimensionless sensitivity constant) 
Assigning to (7',)norm the usual value of 80, Equation [22] gives, 
for the two cases, respectively 
(a)...7 = 77.5 (in. or deg) 
(b)...T., = 70.0 (in. or deg) 
Thus, from Equation [20], the final balanced values are 


(a)...T, = 77.78 (in. or deg) } [23] 
(b)...7, = 73.33 (in. or deg) 
The combined differential Equation [21] for controller and 


process becomes, respectively, in each of the two cases 
— T,)’" + 18.5 (T, — + 10.25 (T, — T,)’ 
+ 9(T,—T,) = 0....[24] 
and 4(7, — T,)’” + 18.5 (T, — T,)’ + 10.25 (T, — T,)’ 
+3(T,—T,) = 0.... [25] 
where the values of 7’, are given by Equation [23]. 


The solutions of Equations [24] and [25] involve cyclically 
varying functions of time. The process of solution differs from 
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those cases encountered heretofore in that the roots of the auxiliary 
ilgebraic equation are not all real. Appendix 27 shows a formal 
method of integration which may be used here, and which gives, 
lor the two examples 


T, = 77.78 + 0.0472 + 6.549 e~9-2440 cos (0.69598 
+ 1.231)... . [26] 
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and T, = 73.33 + 0.0120 e749" + 11.602 e~9-29# cos (0.3149t 
+ 0.9599)... . [27] 


These equations describe the behavior of 7, following the instant 
of upset and are plotted (Appendix 4’) in Fig.9. It is essentially 
the exponential-cosine (or damped-sinusoid) term of the solution 
which governs the nature of the oscillations which the control 
transient comprises. The frequency (or period) and the damping 
factor are implicitly contained in this term. 

For any given process, the roots of the auxiliary algebraic 
equation, and hence also the nature of the resulting damped 
sinusoid, are dependent exclusively upon the dimensionless con- 
stant s, which is the only variable of the controller entering the 
coefficients of Equation [21]. The factor s, which has been 
called the sensitivity constant of the combined system, depends 
directly upon both the output resistance R, of the process and 
the maximum value (Q,)max of the manipulated supply flow, 
and is inversely proportional to the extent of the throttling band 
b, Equation [19]. As the numerical value of the constant s is in- 
creased toward a value which would produce discontinuity for the 
particular upset, the period of cycling becomes shorter, the even- 
tual departure from the desired value [7', — (T,)norm] becomes 
less, while the variation of the manipulated variable Q, increases. 
The throttling band 6 is ordinarily an adjustable of this type of 
control mechanism, and is used to influence the sensitivity con- 
stant s. In practice, an optimum value for s (or for 1/b) de- 
pends upon the permissible variation of Q, for normal disturb- 
ances, and upon the mechanical perfection of the attendant 
apparatus. 

Determination of the fluctuations suffered by the manipulated 
variable Q, is fairly direct in this case since this may be accom- 
plished from the already discovered behavior of T, (Equa- 
tions [26] and [27]) through the use of the controller Equation 
[17] or [18]. These fluctuations are also plotted in Fig. 9. 

The effect of inertness or dead space in this type of control 
mechanism would be worthy of very intensive study, due to its 
inclusion in varying degrees in most commercial instruments. 
In the case of wide throttling bands, or when the magnitude 
of dead space is small compared to the throttling band, the effect 
is principally a proportionate increase in the amplitude and period 
of oscillation. When the dead space is commensurate with the 
throttling band, however, the effects may become far-reaching. 
This condition is especially threatening for small throttling 
bands; it will be seen that the detrimental effect of dead space as 
shown in the case of open-and-shut control becomes more in- 
fluential as the throttling band approaches zero. 

Once a substantial balance is attained with proportional con- 
trol having dead space, the insensitivity of the controlling means 
to changes of the controlled variable within the dead space may 
result in complete inactivity of the controls during intervals of 
minor disturbances. Following larger disturbances, however, 
intervals of violent cycling can occur which may persist even 
after the cessation of the upsets. Many inexpensive regulators 
of this nature are in commercial use which apparently function 
ideally under small or slow disturbances, but which, when changes 
occur, calling for significant action by the control mechanism, 
seem to “lose their heads” and require manual assistance to 
regain their requisite inactivity. 


“FLOATING” ConTROL 


The name “integrating control’ is sometimes given to this 
classification for reasons which will be evident. Except for the 
fact that some of the less complex regulating devices have ap- 
proximately this characteristic, it is not in common use today. 
It is important, however, as a component of the more complex 
types, and has some unique features. 
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The functioning of this class of mechanism may be described 
by the statement that the action of the operating means of the 
control mechanism is a linear function of the integral of the devia- 
tion of the controlled variable from a desired value. Taking 
this value as the control-point setting 7’,,, we may write, in terms 
of the operating pressure and using a proportionality factor c 


P 1 
— T.,)dt 
P, cp) 


or, with a definite integral 


P 


A more universally pleasing form is obtained merely by differen- 
tiating either of these equations with respect to time; thus 


[29] 
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By the continued assumption that the manipulated variable is 
made coextensive with the operating pressure, we have from iden- 
tity [5] and Equation [29] 


Thus the floating characteristic may be described as one in 
which the rate of change of the manipulated variable is made pro- 
portional to the deviation of the controlled variable from a de- 


sired value. The constant factor (Q,)max/c may be thought of 
as the rate per unit deviation, or as 
lb / ; Btu / 
— /min ——- 
min or min (300) 


The negative sign in Equations [28] to [30] assures the occur- 
rence of the corrective action in the appropriate direction, and 
allows the proportionality factor to be an inherently positive 
constant. 

The combination of the controller Equation [30] with the 
time derivative of the process Equation [3] gives the following 
fourth order differential equation (Q, being constant disappears in 
differentiating) : 


(As)T, + (As)T.’”" + + + 9(T.—T,») = 0 
where 


Rea(Q,) max 
c 
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or, since 7',, is constant 


(As) — Tey)" + (As) (Ta — + (Ar) (To — 
+ + =(@.... [32} 


A solution of Equation [32] is possible by methods similar to 
those used previously and specifically indicated in Appendix 3,’ 
Two cases will be considered, in which different values are as- 
signed toc. Before giving the results we may note a fact of great 
importance from Equation [32]. When the effects of all dis- 
turbances are balanced out, all derivatives become zero, and the 
equation shows that under such conditions T, = T,,. Hence 
this control characteristic eliminates any permanent or residual 
effects of changes in load; thus there is no “‘loss of control point.” 
Although shown here in a specific case, this recognized fact is 
applicable in general. The shortcomings of this controller type 
lie in its inability to cope with the immediate effects of a disturb- 
ance. 

Shown in Fig. 10 are the recovery transients, following the 
same disturbance as used throughout, for the following adjust- 
ments 


(a)... .(Q,)max/¢ = 3.2 (units given by Equation [30a}) 
(b)... .(Q,)max/e = 0.8 (units given by Equation [30a] ) 


It is evident, from Fig. 10 that, for a larger value than in (a) 
the extent of the first return loop, or first maximum, would be- 
come excessive. Instability, or oscillation of increasing am- 
plitude, lies not far in that direction. For smaller values than 
in (b), on the other hand, the recovery would involve both an 
excessive deviation and an excessively slow return. At a certain 
smaller value of this adjustment, the recovery would become 
critically aperiodic; that is, the return curve would approach 
the desired value at the most rapid rate possible without crossing. 

Only in the relative absence of transfer lags between the 
manipulated and controlled variables could the value of (Q,) max/¢ 
be made sufficiently large to give satisfactory sensitivity to the 
controlling means. 

The behavior of the manipulated variable Q,, as shown in 
Fig. 10, may be obtained by solution of the original equations 
for Q, instead of 7, or more conveniently (although less ac- 
curately) by graphical integration from the recovery curves of 
T, (see Equation [28]). The figure plainly shows the lagging 
phase relationship borne by Q, to 7',, and that the rate of change 
of the manipulated variable is zero whenever the deviation is zero 


PROPORTIONAL-PLUS-FLOATING CONTROL 


This is a type of control having a characteristic which com- 
bines properties of the proportional type and the floating (or 
integrating) type. Other names are, ‘‘throttling-plus-floating,” 
‘throttling-plus-reset,”’, ‘proportional reset,” ete. The use of 
this characteristic is fairly well known today. The succes 
which practical controllers of this type have met with, and which 
they shall continue to enjoy, may be attributed to the fact that 
they inherit the particular advantages of their component devices, 
while the separate or distinct disadvantages of each are fortu- 
nately canceled in the combination. 

To bear out this conception of its origin, we may show how the 
equation describing the law of control of this mechanism is sy? 
thesized from those of the proportional and of the floating cot 


trollers, namely, from Equations [17] and [30]. Differentiating 
Equation [17] 


Equation [33] states that the rate of change of the manipulated 
variable is proportional to the rate of deviation of the controlled 
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TABLE 3 NUMERICAL VALUES OF ROOTS AND INTEGRATION CONSTANTS 


Case r (b) +ke —ke —ka +Ca +Co —Ce +Ca 
a) 0.1335 13/12 73.85 0.07791 0.2210 0.1639 4.019 0.5822 54.95 45.91 0. 
b) 0.1335 2 40 0.2661 0.2255 0.1390 4.035 1.158 18.09 7.268 0.01165 
c) 0.1335 4 20 0.4448 0.2014 0.1356 4.069 1.317 10.93 2.763 0.02212 
(d) 0.1335 8 10 0.6700 0.1788 0.1344 4.133 1.422 8.089 1.239 0.04013 
(e) 0.4452 4 20 0.4831 0.04836 0.4648 4.063 —1.253 — 8.362 -—-2.594 0.02056 
0.4452 160 0.1559 362 0.4896 4.008 —1.225 —17.15 -—5.805 0.00285 


variable; this is merely a paraphrasation of the characteristic of 
the proportional controller. Now if Equations [30] and [33] 
were in effect additively, we should have, for the new value of 


Q,' 


(Q,) max 


Q,’ = b 


c 


(T, tee [34] 


Equation [34] is the law of control for the proportional-plus- 
floating mechanism.’ It shows the rate of change of the manipu- 
lated variable depending additively upon the deviation of the 
controlled variable from the control-point setting (desired value) 
and on the rate of change of that deviation. This equation may 
also be written e 


= (Q,) mar 
b 


Q,’ = r(T, Tell tree [35] 


in which 


The constant r may be called the “reset constant.”” From Equa- 
tion [35] it is apparent that this term governs the ratio between 
the influence of the deviation and that of the rate of deviation, 
or the ratio of the proportional to the integrating effect. The 
integrating (or “‘floating’’) influence brings about eventual 
equilibrium of the controlled variable at the desired value, and 
this action has been called “reset.”” The dimensions of r are 
(1/time), and its units are “inverse minutes.’’ The constant b 
is the familiar throttling band of the proportional controller and 
has, when referred to immediate changes, the same meaning 
inthe present mechanism. Both b and r (and of course T7’,,) 
will be considered as ‘‘adjustables’’ of the mechanism. 

To obtain the differential equation of the interconnected sys- 
tem, we combine Equation [3] for the process with Equation [35] 
for the controller, in a similar manner to that followed in ob- 
taining Equation [32] for the integrating case, and obtain thus 


(As) (T,— Ty) + (As) (To — Try)” + (Ar) — To)” 
+ (1 + 8) + (rs) =0.. . [37] 


vhere s is given by Equation [19] and depends inversely on the 
throttling band, while the role of r has been just described. This 
equation describes the behavior of the controlled variable 7, 
uder any circumstances (within limits of continuity) and may 
be solved under the usual specific conditions to show recovery 
tansients obtained with this type of control. Several solutions 
of this sort will be carried out for various values of the adjustable 
tonstants r and s (or of 1/b). It may be shown that there are 
tather definite values for r and s to give critically aperiodic return. 
Strictly definite values giving this critical state would be conven- 
ently obtainable if the combined Equation [37] had been of the 
third order. This equation would have been of the third order 
but for the inclusion of the valving lag described earlier and repre- 
ented in the hydraulic analog, Fig. 1, by the cascade capacity. 
Hence, by neglecting this lag, values may be computed for the 
‘onstants r and s which are approximately critical for the com- 
plete system. Adjustments of r and s (or of 1/b), below those 
values which would give critically aperiodic return, produce a 
characteristic which has been called ‘averaging control.” 


‘This equation could also have been developed from the mechanics 
of ‘particular control device faithfully embodying proportional-plus- 
°ating characteristics. 


The effect obtained is to reduce the fluctuation of the manipu- 
lated flow at the expense of variations in the controlled variable. 
It has found wide practical application in level-control problems. 
Except in such applications, however, the adjustments giving 
aperiodic behavior following a disturbance are not the most 
favorable. 

In the periodic, or usual, cases Appendix 3’ shows the solution 
of Equation [37] to be 


To = + + + Cye* cos (ket + C,).. . [38] 


where the C’s and the k’s depend upon the coefficients of Equation 
[37] and hence are affected by the reset constant r and by the 
sensitivity constant s (or the reciprocal of the throttling band). 
Table 3 shows the numerical values of the roots and integration 
constants, for substitution in Equation [38], which result when 
certain chosen values are assigned to the constants r ands. Case 
(a) involves the values of r and s which give the substantially 
critical case, in which neither the magnitude of the throttling 
band nor the reset constant are such as to cause cyclic behavior. 
The recovery transient for case (a) is plotted as curve (a) in 
Fig. 11. Except for a greater deviation, curve (a) exhibits a 
similar recovery to that resulting from an exact instantaneous cor- 
rection as described previously and plotted in Fig. 8. This 
similarity is due to the fact that the flow attains its final value 
essentially without overshoot in the comparatively brief interval 
of 11 min. Curve (a) of Fig. 12 shows the recovery transient 
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for the manipulated flow in this case. The flow transients for 
this type of control may be found from the transients of the con- 
trolled variable by methods indicated previously. 

The remaining cases selected for illustration were not chosen 
at random, for the results of such a procedure might well be 
confusing. The adjustments, giving the recovery curves shown, 
form an orderly sequence which, it is felt, will serve to demon- 
strate their separate influence on the control behavior. 

Assuming for the moment that the adjustments giving the 
critical case (curves (a), Figs. 11 and 12) are in effect, let us 
consider, in a qualitative sense, the result of allowing 6 to remain 
at its critical value and of changing the adjustment r. Without 
resorting directly to actual solution, we may observe that when 
under such conditions, r is made smaller (slower reset rate), a 
longer time will be required for the manipulated flow to attain a 
substantially balanced state close to its final, or potential, value 
(320 Ib/min or Btu/min). It is apparent, from the discussion 
previously given of the critical vaiues of b and r, that a periodic 
recovery transient will result if the constant b is decreased, or the 
constant r increased, from its critical value. Considering sepa- 
rately an increase in the reset constant r, it is evident that such 
an increase will bring about an earlier crossing, by the manipu- 
lated flow Q,, of its final or potential value. These relationships 
are best discernible in the light of the individual characteristics 
of the component devices, namely, of the floating and the propor- 
tional mechanisms, as exhibited in Figs. 10 and 9, respectively. 
The control influence of the floating part of the characteristic 

~ tends to make the rate of change of the manipulated flow propor- 
tional to the deviation of the controlled variable from its desired 
value; this influence tends to prevent reversal of that rate until 
the controlled variable has crossed its desired (and potential) 
value (Fig. 10). On the other hand, the control influence of the 
proportional part of the characteristic tends to reverse the rate 
of change of the manipulated flow in coincidence with the re- 
versal of the controlled variable (Fig. 9). The desirability of this 
latter effect suggests that it might be informative to show the 
effect, on the recovery transients, of progressive reduction in the 
magnitude of the throttling band b (or of progressive increments 
in the sensitivity constant s) with the reset constant r remaining 
at its critical value. 

The results of these adjustments are plotted in Fig. 11. Given 
in Fig. 12 are the curves showing the behavior of the manipulated 
variable in the corresponding cases. Starting with the practi- 
cally aperiodic case (a), the reset constant r is left at its critical 
value and the sensitivity comstant s is increased in geometrical 
steps above its original value. This initial series of adjustments 
may of course be considered to be obtained by successive reduc- 
tions in the throttling band b. As s is increased, or as the throt- 
tling band is decreased, the cyclic period and the damping per cycle 
both become smaller, for the oscillations of Q, as well as of 7. 
The initial deviation of T, is reduced by the successive adjust- 
ments, but the corresponding fluctuations of Q, are seen to in- 
crease in magnitude. In each of the first four cases the prompt- 
ness of return to the region of the desired value is creditable. 

With this type of control, discontinuity should be avoided; 
thus, the choice of an optimum value, for throttling band (b) for 
any given process, will also be influenced by the available range 
of the manipulated variable Q, as well as by the desired stability 
of that variable and the mechanical perfection of the apparatus. 

Smaller values of r, or reset rates slower than the critical, would 
merely delay the return in each case. The effect of larger values 
of r (faster reset rates) is indicated by case (e), in which the 
magnitude of the throttling band is left the same (20 units) 
as in case (c), but in which the reset constant is increased approxi- 
mately threefold. Although this adjustment slightly decreases 
the period of oscillation. as well as the magnitude of the initial 
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deviation, the amplitude and damping of the subsequent oscilla- 
tion is seriously impaired. Herein lies the only real danger aris- 
ing from haphazard manipulation of this adjustment in the com- 
mercial use of this type of control mechanism. 

From field experience derived from the application of control 
mechanisms which involve a proportional control effect. (or which 
have a throttling band, in the usual sense), a general rule has 
evolved to the effect that cycling can be reduced or eliminated 
by the expedient of an increase in the magnitude of the throttling 
band. In the case of the proportional-plus-reset control mecha- 
nism, this rule is only of practical value provided that the reset 
rate (or the reset constant r) is reasonably near the critical value 
demanded by the lag characteristics of the process under control. 
Case (f) shows the futility of increasing the extent of the throttling 
band in an attempt to attain satisfactory control when the reset 
rate is excessively fast for the process under consideration. 

The authors’ experiences in the mathematical investigation 
of other types of processes, as well as actual field experience, 
indicate that there exists—for every process—a critical reset rate 
(or reset constant r) Which is independent of the disturbances to 
which the process may be subjected and of the throttling band 
which may be employed in the mechanism. 

In spite of the necessarily limited generality of the mathematical 
approach in the present paper, in that a single specific process 
has been dealt with, the authors suggest that it may at least 
serve to introduce a method by which the development of ra- 
tional theorems may be made possible on an analytic basis. _ It is 
evident that the formulation of rules sufficiently practical for in- 
dustrial use must be the result of sincere cooperative effort on the 
part of the technical groups both of the users and of the manu- 
facturers of industrial control equipment. 

For the present, experience alone can supply the necessary 
criteria in the application and adjustment of the more complex 
control mechanisms. Even this brief introductory treatment, 
however, would seem to establish certain of the properties char- 
acteristic of the reset adjustment. It is evident that, although an 
optimum reset rate may exist for any process, the determination 
of this optimum is not a simple routine deduction; furthermore, 
the usefulness of the reset feature in eliminating ‘loss of contro! 
point”’ is seen to be limited by the critical nature of its adjustment 
at values below the optimum. 

This paper was prepared, as a continuation of the previous 
paper,* to give, together with that paper, a more complete 
exposition of a suggested method for a quantitative approach 
to the development of a science of automatic control. The 
authors wish to submit, for consideration by the A.S.M.E. Com- 
mittee on Industrial Instruments and Regulators, the suggestions 
embodied in both papers, and also to offer their sincere coopers 
tion in the accomplishment of the purposes of the committee. 
In this connection, they will equally welcome comment or critical 
discussion from any individuals interested in these purposes. 
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Discussion 


E. S. Smirx® C. O. Farrcuitp.” This paper presents a 
valuable and straightforward treatment of a combined controller 
and plant, i.e., a controlled system for several familiar types of 
controllers and a relatively uncommon process or plant. While 
level control is used as a complete analog of temperature control, 
this does not appear to be adequate since the latter involves the 
important factor of attenuation due to “distributed capacity and 
resistance.” 

Since a process is a method, not an apparatus, the word “plant” 
should be used instead of “‘process’’ when the apparatus for carry- 
ing out the process is meant. The use of a volume unit instead of 
a weight unit as the basic “quantity” unit would seem preferable 
as appreciably simplifying the dimensional treatment. 

The so-called philosophy of control cited in connection with 
Equation [7] does not appear to be entirely consistent with the es- 
sential unity of the plant and its controller implied in footnote, 
the noted reversal being simply a matter of opposite sign or 180- 
deg phase difference. 

Under two-position control, the conclusions that the intervals 
and amplitudes progressively decrease with time do not appear 
to be of value for the common practical case where metering lag 
exists, in which case the intervals and amplitudes become con- 
stant. 

The two-position-with-rate control is more commonly known as 
constant-speed floating control. In Fig. 7 and its context, it is 
unfortunate that R should be used in another sense than resist- 
ance as it was elsewhere used in the paper. The last paragraph 
of the ““Two-Position-With-Rate”’ section appears to be incorrect 
or inadequate, since a dead zone or meter friction is necessary to 
eliminate hunting, and an increase of capacity requires a slowing 
of the rate R of valve movement to avoid reaching the limits of 
valve travel. 

Under the heading ‘Proportional Control,” the s of Equation 
{19] might well be explained further as being the ratio of the head 
T, for Q, = (Q,)max to the head of the throttling band b. Follow- 
ing Eq. [21], the “loss of the control point” is more commonly 
known as “drift” or “load error.”” In the absence of further ex- 
planation of T,, T.,,and (7',)aorm the final values of Equation 
[23] appear to be in error. The generality of the conclusion, “As 
the numerical value of the constant s is increased toward a value 
which would produce discontinuity for the particular upset, the 
period of cycling becomes shorter . . . .,’” must be questioned, since 
this does not seem to be so in temperature control, including where 
attenuation is involved. If the flow scale of Figs. 9 and 10 were 
inverted as in a paper*! by one of the writers, a clearer picture of 
lags for proportional and floating control would be obtained. 

Thus, it is immediately apparent that the final control element 
moves in phase with the measured value of the head 7, in Fig. 9 
and lags 90 deg behind such head in Fig. 10. The last sentence 
of this section apparently means that the throttling control simply 
breaks down into two-position control under unfavorable condi- 
tons, 

Under the heading “Floating Control” (of a particular kind), a 
fuller treatment of q in Equation [31] in terms of c would give 
the reader a needed mental picture of this before he reaches Equa- 
tion [36]; at least the dimensions of q and c should be stated. 

use of the inverse of c, i.e., 1/c seems to the writers to be more 
tearly consistent with the speed of reset as used throughout the 
latter part of the paper. The reference to transfer lags in the 
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penultimate paragraph of this section might well include a refer- 
ence to the portion of Fig. 1 which is meant. The last paragraph 
might likewise state that the lag of a floating valve is 90 deg be- 
hind that of a valve with proportional control. 

In connection with Equations [34] to [36], it might be worth 
while to bring out that 1/c is simply the speed of reset dimension- 
lessly expressed in terms of the maximum flow per unit of head 
departure 7, — T,,, and that an increase of r is accompanied by 
a resultant tendency for the stability to decrease. Exception 
may be taken on the grounds of overgenerality to the statement, 
“Except in such applications (averaging level control), however, 
the adjustments giving aperiodic behavior following a disturbance 
are not the most favorable,” a case cited in an unpublished paper 
by R. P. Lowe and one of the present writers presented before the 
Society in 1938 constituting an important exception in which the 
controller had to follow a storm flow smoothly. 

The last paragraph of the first column on page 304 appears to 
imply that the throttling band b and the reset speed 1/c are ad- 
justed together to maintain r, or b/c, constant. In the second 
paragraph beyond this, a question arises as to whether 1/c or r is 
meant. In the following paragraph, it would seem to be the 
users’ turn next if the progress of the present paper is to be con- 
solidated without the possible loss of anything more than a bit of 
higher mathematics. 

While the addition of a cascaded reservoir A, enabled the au- 
thors to show that their approach was not limited to simple cases, 
yet it is likely that a somewhat simpler plant would provide a 
clearer relative picture of the merits of the several sorts of con- 
trollers or regulators. This suggestion is borne out by the au- 
thors’ simplification of the treatment of Figs. 11 and 12. 

A somewhat different approach may be more helpful in certain 
cases. For example, the analysis of Ivanoff for temperature con- 
trol of plants involving thermal lags and attenuation also led 
to some fairly general conclusions as to reset speed which have 
considerable practical justification. For another example, 
Ivanoff also determined a controlling apparatus to fit a desired 
law of control for a particular plant which presented unusual 
difficulties. 

Time is of the essence in detecting a change and initiating a 
movement of a final control valve properly to offset the cause of 
the change. With a proportional controller, which operates 
without serious metering lag or dead zone, nonhunting throttling 
control exists with a single-capacity plant, since any change of 
head immediately acts to position the valve properly. In level 
control, it may be noted that the addition of a rate-of-departure 
component permits the controller to act as though it were gov- 
erned by the net discharge from the reservoir and hence to set the 
control valve immediately to the proper position to maintain the 
set level, after a change in the rate of either inflow or outflow, 
without waiting for the level itself to depart objectionably. The 
addition of the rate component implies a high sensitivity which is 
generally obtainable only by the servo-operation of the portion 
providing such component, which portion may be actuated by 
either the meter or the control valve as convenient. This ‘“de- 
parture-plus-rate-of-departure” controller thus functions in an 
entirely different manner from that of a throttling control and 
tends to be more stable; although theoretically, with a single 
capacity, the valve of a throttling controller will be stable even 
though its throttling band be indefinitely reduced. However, it 
is better in practice from the standpoint of stability to have a 
reasonably wide “initial throttling band” followed by a gradual 
reset to the set point. 

The addition of one cascaded capacity also requires the addition 
of a rate component to let the control valve be properly posi- 
tioned soon after a variable supply has changed, considering that 
the outflow be controlled. 
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From the standpoint of promptness of response, the similar 
addition of a second cascaded capacity seems similarly to require 
the addition of an acceleration component, and so on. A gen- 
erai rule seems to be that an increase in attenuation in the number 
of cascaded capacities or in the order of the differential equation 
for the plant requires the corresponding addition of a higher de- 
rivative to the controller to make prompt control with accurate 
compensation possible. The use of a floating control valve in- 
stead of a throttling control valve likewise raises the order and 
requires the addition of a higher derivative. An increase in the 
power of time of the law of departure likewise in effect raises the 
order and necessitates the addition of a higher derivative if con- 
trol is not to be lost while within the range of the controller. 
From these particular considerations, it appears that a controller 
may be straightforwardly selected to give the desired mode of 
control of a plant instead of trying empirically a number of differ- 
ent sorts of controllers in an effort to find one which has an accept- 
able performance with the particular plant. 

The reset requirements of flow-rate controllers are of a different 
order from those of temperature controllers. If the authors have 
space in their closure, they might include a statement as to 
whether their more general remarks upon the effects of the reset 
speed on stability apply equally to flow controllers. The effects 
of cavitation with gassy liquids and of water hammer in long lines 
may well modify radically some of the general conclusions with 
flow-rate controllers where a premium may exist on making the 
flow changes as gradual as possible. This requirement also exists 
in other cases such as that in which a thermal gradient must be 
maintained without exceeding a critical temperature. 

Since there is no true distinction in a control system between 

the plant and its controller and the paper includes a comparative 
treatment of controllers, it seems desirable to call attention 
briefly to generally related patent literature: Patent No. 2,113,- 
164 of A. J. Williams, Jr., contains an interesting analysis of a 
system which involves both the first and the second derivatives; 
and the C. E. Mason patent No. 1,897,135 (Re. 20,092) is for a 
device using the first derivative and having a coupling of a dif- 
ferential bellows to its nozzle and flapper. The latter also in- 
cludes an interesting analysis. It is requested that the author’s 
closure state whether this Mason patent for the “Stabilog” con- 
troller should be regarded substantially ‘“proportional-plus- 
(first derivative) floating control” or as having a significant higher 
derivative effect due to close coupling, which effect is not included 
in the mathematical analysis of such patent. 


W. D. Woop." In the section of the paper covering ‘“Pro- 
portional Control,’”’ the authors have used the term “Control 
band,” and have developed from it a dimensionless sensitivity 
constant s. This proportional sensitivity constant is familiar to 
the readers of the published works of Ivanoff, who also derived 
the term “potential temperature.” The sensitivity constant s 
may be simply defined as the potential temperature change caused 
by unit temperature change as measured by the control instru- 
ment. This constant may be aptly termed “proportional over- 
all sensitivity,’’ since it includes the sensitivities of all elements 
in the control circuit. Ivanoff has pointed out the relation be- 
tween this sensitivity constant and “loss-of-control point” in 
proportional control. It is worth repeating since it is not readily 
apparent from the present paper. If a load disturbance is de- 
scribed in terms of the temperature change which would result if 
the controller were inoperative, then the actual equilibrium tem- 


perature change due to a disturbance during control is a 


1+s 
times the disturbance. 
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One wonders why the authors introduced the auxiliary flow Q, 
to effect load changes. In actual installations, load disturbances 
generally arise through a change in the outlet resistance. From 
Equation [19], it is seen that the sensitivity constant depends 
upon the outlet resistance. Thus the sensitivity constant nor- 
mally changes with load changes. The need for characteristic 
flow valves, such as percentage or logarithmic valves, arises from 
this consideration. 

In the section dealing with ‘Floating Control,” the authors 
have introduced a constant c which corresponds to control band } 
for proportional control. In floating control, the valve travel 
depends upon the area of temperature deviation and time. The 
constant c has a real physical significance, namely, that on a time- 
temperature-deviation graph (which may be a temperature 
controller chart) it represents the area necessary to cause com- 
plete valve travel. 

Corresponding to the proportional sensitivity constant s the 
authors have derived a floating constant g, which may be termed 
“floating over-all sensitivity’ and defined as the rate of potential 
temperature change for unit actual temperature change. 

To the writer it seems desirable to describe an instrument's 
action in terms of the ratio of output change to input change. 
The narrower the control band, the greater should be the pro- 
portional effect since more valve action takes place for a given 
controller input change. Therefore, the proportional effect is pro- 
portional to 1/b and, correspondingly, the floating effect is 
proportional to 1/c. On this basis the authors reset constant r, 
defined as the ratio b/c, should be called the ratio of the integrat- 
ing to the proportional effect. 

In connection with Fig. 11, it is noted that the reset constant 
was held unchanged and the control band decreased. It is of 
interest to note that, for several commercial pneumatic instru- 
ments, the mechanism is so designed that a change in the propor- 
tional adjustment affects the floating action, whereas a change in 
the floating adjustment does not affect the proportional action. 

The authors’ analysis has clarified the control effects of inde 
pendent adjustments of the proportional and floating components 
of control. They point out that there is a critical reset rate for 
every process. Does this mean that there is one best floating 
adjustment, or one best ratio of floating-to-proportional] adjust 
ment, and how is this adjustment arrived at? 

The ultimate value of this paper will depend upon its practical 
application. The authors have made a rational analysis of the 
control problem from which it is hoped valuable information wil 
be obtained regarding guides to practical rules for industrial use. 
One might wish that the authors had devoted some space to the 
constants which arise from consideration of an actual process. 


AvuTuHors’ CLOSURE 


Messrs. Smith and Fairchild suggest that the model system 
shown in Fig. 1 of the paper is a relatively uncommon one. [1 
the interest of clarity, it should be stated that no attempt ws 
made by the authors to select an actual process for treatment. 
Perhaps the system selected is uncommon in that sense. How 
ever, it is both common and relevant in another and more it 
portant sense, since it involves and represents types of lag which 
must frequently be dealt with in the successful industrial applic 
tion of control. In addition, the model system chosen has the 
valuable property that it submits gracefully to a relatively simplé 
mathematical analysis, and requires a low-order linear differe 
tial equation for its complete dynamic description. 

The authors have been particularly careful to avoid dealis 
with processes, either hydraulic or thermal, which might invol’? 
questions as to the practicability of the assumptions neces! 
to construct their differential equations. Under these condition 
the accuracy of the results may be relied upon to the same ¢ 
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gree as the mathematical manipulation, the latter being carried on 
according to accepted procedures. Until there is a thorough un- 
derstanding of the behavior of nondistributed or lumped systems 
as such, the authors see no valid object in precarious generaliza- 
tions. The possibilities inherent in the use of lumped parameters 
have been marvelously demonstrated over and over again in the 
electrical field, where highly complex networks have been repre- 
sented to an uncanny degree of precision by such practical 
methods. In these cases, certainly, a complete knowledge of the 
simpler component systems was already available from previous 
work extending over many years. The infant science of automatic 
control can hardly disregard this established method of develop- 
ment, 

The differential equation of the thermal process, of which Fig. 
11 of an earlier paper'® was taken to be an analog, was developed 
in that paper. Reference to that paper will show that the very 
reasonable assumptions which were made in the development of 
the thermal system will permit it to be considered as devoid of 
distributed capacities and resistances. Thus it is not encumbered 
by these complications; its thermal-lag characteristics are reason- 
ably embodied in the structure of a second-order linear differential 
equation in terms of heat flow, temperature, and time. 

Whether the system under control is called a “plant”? or a 
“process” is a question which loses importance when models are 
under discussion. A great deal of incorrect but descriptive 
nomenclature has grown out of common usage in the field. This 
same usage has given a meaning to the word “plant’’ somewhat 
broader than would seem appropriate. The simplification obtain- 
able in the hydraulic model by using a volume unit for quantity 
rather than a weight unit was foregone because of the attendant 
loss of vividness in the correspondences between the units of the 
hydraulic system and those of the various other systems which 
might be represented (for example, refer to Table 1 of the paper). 

With regard to the “philosophy of control,’’ the causal relation- 
ships between the manipulated and controlled variables, as 
pointed out in the paper, are held to be more fundamental than 
the simple polarity or phase criterion mentioned by Messrs. 
Smith and Fairchild. 

Unless the term ‘‘metering lags’’ is interpreted as including dis- 
continuities such as dead zones, we cannot agree that the addi- 
tion of metering lag leads necessarily to a continual cycling under 
two-position control. 

“Two-position-with-rate”’ control was given in the paper as a 
tentative name. We agree that this method of control is com- 
monly known as “constant-speed-floating,”’ but it was desired 
to emphasize its similarity to two-position control rather than to 
floating control. The last paragraph in the section ‘Two-Posi- 
tion-With-Rate Control” refers to a condition in which there is a 
predominance of capacity in that part of the process in which the 
controlled variable is measured. Under such a condition, the rate 
of corrective action could be materially increased if the 
variations involved in such action might be disregarded. In 
practice, however, dead zones are frequently employed to reduce 
valve activity. As pointed out by Messrs. Smith and Fairchild, 
this reduction in the valve variation is only accomplished by using 
extremely slow rates. On the other hand, if the rate of valve 
movement is increased indefinitely, this type approaches two- 
Position control and the valve occupies its limiting positions prac- 
tically all of the time. This was not borne out in Fig. 7 of the 
paper since, in none of the transients shown did the manipulated 
Variable attain a limiting value, although it was shown in that 
ilustration how extremely slow the rates of corrective action 
must be made to attain small flow variations. 

_Itis certainly worth while to stress the physical meaning of 


" “Quantitative Analysis of Process Lags,” by C. E. Mason, Trans. 
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the dimensionless sensitivity constant s, defined in Equation [19] 
of the paper. Even more generally (as pointed out in Mr. Wood’s 
discussion), s may be identified as the ratio of an immediate 
change in “potential” level enacted by the controls to the original 
change in level which initiated such action. Unfortunately, 
there must be some misunderstanding about Equation [23] and/or 
the definitions of T,, T.,, and (7'4)norm. In the remarks made 
in the paper, concerning the effects of an increase in the constant 
s, the term “period of cycling” was used to denote the cyclic period 
itself (or 1/frequency) which is invariably decreased by an in- 
crease in s. The orientation of the coordinate scales used for 
plotting control transients is naturally a matter of choice, but 
the straightforward method employed by the authors bears out 
graphically the 180-deg phase difference mentioned earlier in 
the discussion. 

The constants q and ¢ were given subordinate roles in the ex- 
position; they were introduced in a natural manner in the de- 
velopment and were used to lend a logical symmetry to the equa- 
tions. A joint consideration of the symbols used in Equations 
{19], [31], and [36] will show this symmetry. 

In connection with Equations [34] to [36], the term 1/c cannot 
in any sense be considered dimensionless. The reset constant r, 
however, has the formal dimensions of inverse time. The fact 
that the value of r may be so chosen that an ultimate point 
stability is obtained without appreciable loss of oscillatory stabil- 
ity is of prime importance. Rather than being overgeneral, the 
statement in the paper concerning aperiodic behavior was perhaps 
not made general enough; further elaboration would have de- 
viated from the main purposes of the paper. 

The adjustments, demonstrated under the heading ‘‘Propor- 
tional-Plus-Floating Control,” are summarized in Table 3 of the 
paper. Changes in the numerical value of b (or of s) have no 
effect on the numerical value of r, and vice versa. Their joint 
influence on control performance is implicit in the mathematics. 
The authors hope that the impression cannot be gained from the 
paper that the subject has had complete mathematical treatment. 
Such treatment has scarcely begun. Mathematics itself is only 
a means to an end. The progress which may be made through 
cooperation between user and manufacturer has been indicated 
by a wealth of practical evidence. Although practical experience 
will be invaluable in continuing the mathematical development 
toward some stage of practicability, it will be essential to heed 
the advice of Francis Bacon, given some 300 years ago: “... At 
the entrance of every inquiry our first duty is to eradicate any 
idol by which the judgment may be warped.” 

It is perfectly true that the original two-capacity system could 
have been employed. On the other hand, a more complex system 
might be considered necessary if a prototype, having considerable 
distributed resistance and capacity, were to be represented. The 
model chosen provided plausibly complete representation of a 
typical prototype involving some difficulty and, at the same time, 
was simple enough not to require an unwieldy analytical exposi- 
tion. 

The reference by Messrs. Smith and Fairchild to the work of 
Ivanoff is interesting and appropriate. That author’s approach 
has been from the frequency standpoint. The two methods of 

treatment are equally vaiid and are certainly not incompatible, 
each having its distinct advantages. They may also serve as a 
cheek on one another in practice. The value of any method of 
analysis must depend upon its ability to yield laws useful in 
practical applications. In any case, the authors contend that 
there is a very real advantage in the concreteness of the repre- 
sentation obtainable with the liquid-level method of analogy; 
the more complex the system to be represented, the greater the 
desirability of this concreteness. 

To obviate the possibility of misunderstanding, it should be 
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reiterated that the application of a series of controller types to 
the model process was made in order to demonstrate an analytic 
procedure found by the authors to be effective, rather than to 
document a search for a satisfactory controller for the particular 
model, as implied in the Smith-Fairchild discussion. In practice, 
any criterion of excellence for control is affected by economic 
considerations relating to the environing equipment of the con- 
trolled system concerned. 

As to flow control, the general conclusions of the paper en- 
counter no exceptions in that field. For the most part, however, 
automatic-flow-control problems are considered to be on a lower 
plane of difficulty than that dealt with in the paper, an im- 
portant exception arising in those liquid-flow cases where the 
mass of moving fluid imparts a momentum seriously restricting 
the action of the controls. 

Reference to the patent literature by Messrs. Smith and Fair- 
child is acknowledged without comment. The analysis given in 
the paper was directed to the mathematics of automatic control, 
and was not intended to refer to the particular instrument de- 
signs of any of the various manufacturers. Thus, for example, 
the proportional-plus-floating controller was merely postulated 
as a mathematical type in the development. 

Mr. Wood’s elaboration of the fundamental meaning of the 
sensitivity constant was acknowledged in a previous statement. 
This meaning was not directly brought out in the paper since the 
corresponding portion of the analysis was couched principally in 
terms of the empirically measurable “throttling band.” In an 
earlier paper!’ by one of the authors, the term ‘“‘potential tem- 
perature” was acknowledged to have been originated by Ivanoff. 
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evident from Equation [20] of the paper, as 
A(T,) = —— a(R,Q.) 


where A(R,Q,) represents the load alteration whether originating 
in the load resistance R, or in the load supply flow Q,. 

The mathematical method shown by the authors applies equally 
well to all types of disturbances. Although, for some systems, 
load changes are more precisely represented by changes in R, 
than in Q,, it might be questioned whether such systems are in 
the majority. The practical benefits arising from the use of 
valves having logarithmic characteristics extends far beyond 
the mere compensation for variation of outlet resistance with 
load. 

Mr. Wood points out the practical significance of the constant 
c, thereby providing an answer to one of the questions in the 
Smith-Fairchild discussion. 

An answer to Mr. Wood’s question on the best floating adjust- 
ment may perhaps be provided by the result (indicated by the 
mathematical analysis of the paper) that the optimum value of 
the reset constant r, once it is found, is very nearly independent 
of the value of the throttling band which it might be advisable 
to employ. A controller equation faithfully describing any par- 
ticular commercial instrument must be written directly from the 
detailed mechanics of that instrument and, thus, such an equa- 
tion may not necessarily take the exact form of any of the 
mathematically developed types shown in the paper. 
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This paper,? describes work done to correlate metallurgi- 
cal aspects of a bearing metal with mechanical testing 
under conditions existing in a bearing. Previous work by 
Karelitz and Kenyon (1),* and by the author (2) and (3) 
have concerned effects of different composition of bearing 
metal and different loading and size of specimen. The 
present investigation was made to determine the effect on 
removal of the bearing-metal surface and the pressure at 
which the oil film breaks down as a result of variations in 
the crystalline structure of the bearing metal. In this 
work both the chemical composition of the bearing metal 
and the size of the specimen were constant. The crystal- 
line structure was varied and the resulting change in prop- 
erties determined. 


THE PROBLEM 


HE analysis of bearing conditions is usually associated with 
ike hydrodynamic theory of lubrication. This theory has 

served very well to explain phenomena under conditions 
where it is applicable, namely, where the trueness of the surfaces, 
the speed, the load and the fluid are such that the forces which 
the fluid can develop are sufficient to float the journal and prevent 
wear. In a number of cases, the hydrodynamic theory is not 
applicable, at least, as it is understood at present. The fact that 
most bearings show some wear after service indicates that a fluid 
flm may not be present at all times. Thus, many bearings, 
which normally are running under conditions quite similar to 
those assumed in the hydrodynamic theory, may occasionally de- 
part from those conditions. Such departure may be due to loss 
in viscosity of the lubricant either by reason of high temperature 
or deterioration of the lubricant. 

In addition, very slow speeds or very high loads may cause such 
departure. Under such extreme conditions, in the presence of a 
lubricant, the phenomena of dry rubbing surfaces may not appear. 
Such extreme conditions without dry friction are often referred to 
&s “boundary lubrication” or similar descriptive terms. Some 
very slow disappearance of the mating surfaces accompanies 
boundary lubrication. This is called wear. In brief it may be 
said that the conditions of boundary lubrication are slow removal 
of one or both mating surfaces in the presence of a lubricant but 
absence of a lubricant film. It was the purpose of this investiga- 
tion to determine the effect on removal of the bearing-metal 
surface or wear and the pressure at which the oil film breaks down 


8 a result of variation in the crystalline structure of the bearing 
metal. 


' Associate Professor of Industrial Engineering, Lehigh University. 
Mem. A.S.M.E. 

* Abstract from a professional thesis submitted to the University of 

0is; published by permission of the Dean of the Graduate School. 

*Numbers in parentheses refer to the Bibliography at the end of 

Paper. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, Philadelphia, Pa., December 
£8, 1939, of Tae AMERICAN SocreTY OF MECHANICAL ENGINEERS. 
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The Influence of Crystal Size on the Wear 
Properties of a High-Lead Bearing Metal 


By JOHN R. CONNELLY,’ BETHLEHEM. PA. 
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METHOD OF INVESTIGATION 


A specimen of bearing material has one side machined to a 
plane surface. A constant holding force, hereafter referred to as 
the load, presses the machined surface tangent to a rotating steel 
cylinder, submerged in a bath of lubricant. For these tests the 
force was obtained by gravity. The specimen, which can move 
only in a direction normal to the machined surface, wears a 
cylindrical groove and the contact. changes from line to a progres- 
sively larger area. This wearing away continues until equilib- 
rium conditions are established between the forces causing wear 
and the forces resisting wear. The load divided by the projected 
area at any instant is referred to as the pressure and the pressure 
existing at equilibrium is called the final or ultimate bearing 
pressure or equilibrium pressure. Rate of wear is designated as 
volume of bearing material removed per length of travel of a 
point on the surface of the cylinder. 


VOLUME WORN AWAY 


TRAVEL 


VOLUME _ 
TRAVEL ~ RATE OF WEAR 
A 
TRAVEL 


Fie. 1 DeTeRMINATION OF RATE OF WEAR 


This wearing away of the bearing material seems to occur in 
more than one phase, as illustrated in Fig. 1. From A to A’ 
results are in doubt because of the difficulty of measuring the 
rapid movement. Within a few minutes after the test starts, the 
rate of wear becomes more stable and proceeds along the path 
A'B. To distinguish A’B from the following phase BC, A’B is 
referred to as unlubricated wear, although the phrase may not be 
completely descriptive. Data previously analyzed show rate of 
wear in phase A’B proportional to the corresponding contact 
pressure. The phase BC of the rate of wear has a linear relation 
with travel for all data that have come to the author’s attention. 
This constant rate of wear, for pressures just above the ultimate 
bearing pressure, fixes the rate of wear in phase BC as independent 


of the bearing pressure. The phase BC is referred to as lubri- 
cated wear. 


PREPARING TEST MATERIALS 
BEARING-METAL SPECIMENS 


The bearing metal selected for this investigation is known as 


le 
| A 
Poe. 
& 
& 


310 


‘Cosmos metal and has an approximate composition of lead 76 
per cent, antimony 15 per cent, and tin 9 per cent. This composi- 
tion is in common use in industry. It is often used as a substitute 
for true babbitt metal because the high lead composition is less 
expensive. A further reason, for selecting this particular com- 
position for this investigation, is that considerable variation in 
crystal size can be obtained by varying rates of cooling of the 
metal just prior to and including solidification. 


Fic. Mo.up ror Test Bars RISERS 


A permanent mold of pieces of steel clamped together was con- 
structed which cast a bar 1!/, in. by 1 in. by 6 in. Fig. 2 illus- 
trates the cross section through a riser. When first made the 
mold had three risers which are Nos. 1, 3, and 5 in Fig.3. Speci- 
men bars contained cavities so risers Nos. 2 and 4 were added. 
Risers Nos. 1, 3, and 5 had a total volume of about 8 per cent of 
the bar. Risers Nos. 1, 2, 3, 4, and 5 have a column of about 31 
per cent of the bar. With these additional risers no cavities ap- 
peared in the specimen bars. The risers were constructed as 
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Fie. 6 Harpness Reapinas; SECTION AND SURFACE 


or Test Bars 


Fig. 4 Macrostrructrure or Test Bars For INVESTIGATION WiTH THEIR DESIGNATIONS 
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TABLE 1 CRYSTAL DISTRIBUTION IN SPECIMENS 


of value. The wear specimens were machined to shape by a new 
Specimen Area devoid of crystals 


d milling cutter used exclusively for this work. The 2'/,-in. cutter 
GEG, cucddvovaccuseeucanes 8.4 per cent (by planimeter) had a face of 4 in. and 16 teeth. The test surface for each speci- 
(by planimeter) men was finished with the cutter rotating at 500 rpm and a linear 
CO ee dar echees 78.5 per cent (by planimeter) feed of 5/, in. per min. Each wear specimen was machined to a 
93.3 per cent (by planimeter) 


length of approximately 0:4 in. Previous investigations indicate 
inverted cones to assist in removing them without damage to this length to be sufficiently beyond the range where end leakage 
the specimen bar. In Fig. 3, riser No. 3 is shown partially un- for this type of test is a factor. Tests using the varying-wear 
screwed; the unscrewing breaks the riser at the narrow section. | ™method as described were run on these specimens. 

Six bars, hereafter designated as CS-1, 2, 3, 4, 5, and 6, were Examination of the macrostructure of specimens CS-1, 2, 3, 4, 
poured, Figs. 4 and 5. From these six bars were obtained (a) a 5, and 6, Fig. 4, shows that except for CS-4 there is a core prac- 
broken section, (b) a polished and etched section to show micro- _ tically devoid of crystals. The extent of crystalline structure is 
structure, (c) a polished and overetched section to show macro- indicated in Table 1. This core increases in size as the rate of 
structure, (d) a section for hardness survey Fig. 6, and (e) a wear- cooling decreases, as indicated in Table 1. The tin-antimony 
test specimen. Of the above items (b), (c), and (e) wereexpected crystals solidify before the lead so that, when the solidification of 
to yield the principal data. Items (a) and (d) are frequently lead is delayed, the crystals float toward the top of the bar. 
given in metallurgical studies and for completeness were in- According to metallurgical explanation this excess of tin and 
cluded. Also the value of that property indicated by hardness antimony at the top of the bar will cause some of the antimony to 
tests in this field is controversial and further information may be crystallize as pure antimony. Antimony being a relatively hard 
substance, this will give a greater hardness at the surface, as 


TABLE 2 RESULTS OF RATE-OF-WEAR INVESTIGATION 
! Press. at 
\ | 7 


pro 
\ strai 
IN \ / ft Avg di- line por- 
\ Y BRINE mension, tion of Length 
Y \ 4// SPRAY Bar Equilibrium Rate of edge of wear, of speci- 
SS \ 2 “oy and press., wear, crystal, Ib per men, 
test per sq in. X in. sq in. in. 
| C8-1-2t 535 


0.414 


Fie. 7 Merson or SPecIMEN 


1 
VOLUME REMOVED i 
-6 
X10 
CS8-3-1t 540 2.98(4) 0.0040 610 0.393 
END OF LUBRICATED WEAR _ T me CS-3-4t 336 10.00(4) 0.0040 535 0.393 
] 8.60(7) 
AM 469 AM 6.95 
— GM465 GM 6.48 
C8-4-1t 340 13.50(4) 0.0030 495 0.413 
| SLOPE-4.21 12.10(4) 0.0030 
| CS-4-2t 304 9.20(3) 335 0.413 
| 9.60(3) 
| CS-4-3t 292 13.75(4) 0.0030 370 0.413 
17.80(7) 
AM 312 = AM 13.5 
| GM3l1 GM 13.2 
= DISCONTINUITY CS-5-1t 433 2.320(5) 0.0075 510 0.413 
CS-5-2t 568 0.425(4) 0.0075 600 0.413 
| | CS-5-3t 540 1.45(6) 0.0075 780 0.413 
6 C8-5-1b 676 0.0075 
SLOPE - 465 CU.IN X10° PER 1000000 FT TRAVEL CS-5-3b 578 . 
a 1.50(4 
(RATE OF WEAR) AM559 AM ‘I 57° 
GM 553. «(1.41 
C8-6-1t 453 6.90(3 0.0100 0.414 
BEGINNING _OF LUBRICATED _WEAR CS-6-2¢ 523 0.0100 650 0.414 
C8-6-3t 387 3.50(6 0.0100 470 0.414 
AM 454 AM 4.22 
GM451 GM 4.05 
CS-8-It 604 4.0066) - 0.0060 730 0.397% 
6 = + C8-8-2t 2.76(7 0.0060 0.3976 
AM617. 
GM617_ GM _ 3.28 
C8-0-1t 638 1.64(5) 0.0010 725 0.402 
3 C8-0-2t 603 1.13(6) 0.0010 880 0.402 
CS-0-4t 980 2.48(2) 0.0010 0.402 
C8-0-5t 2.76(4) 0.0010 0.402 
_ = Nore: Numbers in parentheses in this table denote number of plotted 
2000 5000 6c00 points which slope value represents. 
a Neglected on basis of photomiec h. 
JOURNAL TRAVEL b erent competition. A 
t indicates top. M signi i i 
Fie. 8 oF Rate or WEAR b GM 


TEST 278 22.40(7) 0.0025 0.414 
AM 425 AM 11.80 
GM 405. GM _ 9.07 
CS-2-1t 835 0.65(4) 0.0015 905 0.401 
C8-2-2t 662 1.10(2) 0.0015 680 0.401 
C8-2-3t 610 16.80(4) 0.0015 710 0.401a 
C8-2-4b 639 1.92(5 0.0015 0.401 
2.04(4) 
CS-2-3b 681 2.34(3) 
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Fie.9 Top or Test Bars, Microstructure, 100 


shown by the hardness survey, Fig. 6. Such hardness might 
affect the test results materially and obliterate the effect of crystal 
size. To investigate this possibility bar CS-7 was poured having 
reduced percentages of tin and antimony and was allowed to cool 
overnight in the furnace. The intention was that tin and anti- 
mony in floating to the top would give about a normal concen- 
tration and composition in that region. Bar CS-7 was so soft 
that it was damaged in attempting to obtain a broken section. 
For this reason it was discarded. A new bar CS-8 was prepared 
in the same manner as CS-7 and packed in dry ice for several 
hours. A broken section was obtained without difficulty. 

It is questionable whether such a broken section is indicative 
of structure. It was decided to cast additional bars and attempt 
to secure crystals smaller than previously obtained. CS-0 was 
poured of the same composition as CS-1, 2, 3, 4, 5, and 6 and 
chilled by spraying cold brine at 15 F onto the top of the mold, as 
shown in Fig. 7. The bars CS-8 and 0 were given the same series 
of tests as were CS-1, 2, 3, 4,5, and 6. Etching of specimens was 


by ferric-chloride solution or a 3 per cent solution of nitric acid in 
ethyl alcohol, Fig. 9. 


TEst JOURNAL 


The test journal was a piece of '/;-in-diam drill rod. No treat 
ment was given the rod but it had been in service some months 
before starting these tests using the same bearing-metal-and-il 
combination. This use had polished the drill rod but the change, 
if any, in diameter was less than 0.0001 in. 


LUBRICANT 


The lubricant used was D.T.E. light turbine oil secured from 
the Socony-Vacuum Oil Company. As received it has a Saybolt 
viscosity of about 169 sec at 100 F. After some use the value 
rises slightly. This oil had been in use for several years and had 
a Saybolt viscosity of 173 sec. During the tests the oil was kept 
at an average temperature of 77 F and fluctuated between 75 
and 80 F. 
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Fig. 9 (continued) Tor or Test Bars, MicrostructrurE, 


Summary oF Test Dara 

As previously described, the rate of wear is obtained by 
measuring the slope of the volume curve immediately preceding 
the attainment of equilibrium conditions. The unit of slope is 
whitrarily taken as cubic inches of volume removed per million 
feet of travel of a point on the surface of the journal. Fig. 8 
illustrates the method of procedure. Since this bearing metal is 
heterogeneous, regions of variable properties occur. Discon- 
tinuities in the volume removal data evidence that the rotating 
journal passed through such regions. These discontinuities do 
tot occur in every case and seem to have no regularity when 
present. The test results are given in Table 2. In each case, the 
tumber in parentheses, following tabular values of rate of wear, 
denotes the number of plotted points which the slope value repre- 
‘nts. The larger the number of points the more reliable the 
tate of wear. 

The dimensions of the crystals given in the table were obtained 
vith the aid of professional metallurgists. These values repre- 


sent the inspection of more areas than would be feasible to present 
in a report. 

A further item included in Table 2, showing results, is the 
pressure at which the change-over from unlubricated to lubricated 
wear takes place. 


DISCUSSION OF DATA AND RESULTS 
GRAPHICAL REPRESENTATION 


Figs. 10, 11, 12, and 14 show results taken directly from the 
tabular values. Figs. 10 and 11 show equilibrium pressure and 
rate of wear versus the linear dimension of the tin-antimony 
cubical crystals. Fig. 12 presents rate of wear and equilibrium 
pressure against each other. Fig. 14 shows the relation between 
the pressures obtaining at the beginning and end of lubricated 
wear. 

Fig. 13 shows the mass centers of results in Fig. 12. The z and 
y coordinates of these mass centers, referred to as z and y are 
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TABLE 3 COMPARISON OF RESULTS 
Rate of wear, 
Equilibrium in.* X 10-6 
-——Crystal size——. per sq in.——. ——-per 1,000,000 ft—— 


Test Edge, Area, Mass Arith.Geom. Mass  Arith. Geom. 
bar in. in.? X 10-% moment mean mean moment mean mean 
CS-0 0.0010 0.00100 667 765 750 1.66 [a8 «61.71 
CS-1 0.0025 0.00625 367 425 405 11.70 11.80 9.07 
CS-2 0.0015 0.00225 682 704 700 1.78 1.63 1.49 
CS8-3 0.0040 0.01600 428 469 465 73s 6.95 6.48 
CS-4 0.0030 0.00900 310 312 311 13.70 13.50 13.20 
C8-5 0.0075 0.05625 559 559 553 1.58 1.57 1.41 
C8-6 0.0100 0.10000 446 454 451 3.92 4.22 4.05 
C8-8 0.0060 0.03600 618 617 617 3.31 3.33 3.28 


determined by calculations analogous to those used in determin- 
ing the location of the centroid of a group of rivets in a riveted 
joint. In place of the area of a given rivet in the analogous 
method, the number of slope points minus 2 is used as the multi- 
plier for the coordinates of points shown in Fig. 12. By the 
number of slope points is meant the number of plotted points 
which the slope value represents, as described previously. Since 
the slope is a straight line, it is determined by two points. Sub- 
tracting 2 from the number of points which the slope represents 
gives the number of agreeing values in excess of those required to 
determine the slope line. The quantity of excess agreeing values, 
obtained in this way, is a conservative measure of the reliability 
(4) of the slope line. 

Table 3 is a summation of the results showing relation between 
crystal size and averages of rate of wear and equilibrium pressure. 
The arithmetic mean, the geometric mean, and the mass centers 
from Fig. 13 are included. Arithmetic mean refers to the method 
of dividing the sum of data by the number of values. Geometric 
mean or logarithmic mean is obtained by taking the antiloga- 
rithm of the arithmetic mean of the logarithms of the data values. 
This method is employed in computations where averages are 
desired for data in which the nature is such that there is a lower 
limit to the values but no upper limit. The geometric mean is 
considered to give a more representative average of such data. 

Figs. 15 and 16 show the averages of rate of wear against the 
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linear dimension of the crystals and against the exposed area of 
one crystal that is the average crystal area. In passing a curve to 
represent the data, the mass centers have been favored, since the 
method of their determination takes account of the presumed 
relation between equilibrium pressure and rate of wear. The 
departures of samples CS-6 and CS-8 from the general trends 
indicated in Fig. 14 are also considered in passing the curve. 
Figs. 17 and 18 represent the averages of equilibrium pressure 
against linear dimension of the crystals and against the average 
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exposed crystal area. The passing of a curve to represent the 
data was done in the same manner as that described for Figs. 15 
and 16. 

CoMMENTS 


Whatever property of the bearing metal makes for a low rate of 
wear makes for a high equilibrium pressure and vice versa. On 
the basis of the mass centers, Fig. 13, it would seem that, below a 
certain crystal size, rate of wear changes little and the equilibrium 
pressure increases rapidly. 

Fig. 12 shows that eaeh pair of values of rate of wear and its 
corresponding equilibrium pressure are relatively consistent. 
The results are believed to give an accurate picture of the ma- 
terial tested, the spread of values for a given test bar being due to 
the heterogeneous bearing metal. 

It is evident that, regardless of the averaging method em- 


ployed, the general shape of the curves in Figs. 15, 16, 17, and 18 
will vary little. 


ComPaARISON WitTH Orner INVESTIGATIONS 
In a paper (1) published in 1937, Karelitz and Kenyon reported 


of 
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some work by this method of testing on several compositions of 
bearing metal. In subsequent discussion (1) of this paper some 
values of rate of wear were worked out which are somewhat com- 
parable to the data presented in the present paper. Karelitz and 
Kenyon report that according to their photomicrographs the 
specimens were overchilled. This evidence would place their 
data in the range of CS-0, although the various hardness values 
do not agree. For the lead-base specimen of Karelitz and Ken- 
yon, the rate of wear in the same units as used in this paper is 
0.92 X 1076 cu in. per 1,000,000 ft of travel. The equilibrium 
pressure is approximately 700 lb per sq in. These check very 
well with the data here reported. 


CONCLUSIONS 


The results are evidence that, for the bearing metal tested, (a) 
crystalline structure is a factor and crystal size an important 
variable in thin-film lubrication, (b) rate of wear and equilibrium 
pressure are related, and (c) pressures at beginning and end of 
lubricated wear are related. The method of investigation used is 
a way of determining quantitative values of rate of wear, equi- 
librium pressure, and the pressure at the borderline condition be- 
tween unlubricated wear and lubricated wear. Other things 
being equal a very small crystal size gives optimum values of 
rate of wear and equilibrium pressure. 

In corroboration of the results obtained, it may be pointed out 
that the motorcar industry at present produces bearing inserts by 
a technique which gives very small crystals having a linear dimen- 
sion of the order of 0.001 in. Since this is done deliberately we 
may infer that gross testing of over-all bearings has indicated the 
lower rates of wear obtained with small crystals. 

Bearings that are poured in place, such as large pillow-block 
bearings, have crystal sizes in the range where the rate of wear 
and equilibrium pressure are decidedly not optimum. In the 
future, such large bearings could be better designed to make use 
of some type of insert that could be cooled rapidly upon pouring. 

Of possibly greater importance than the specific results on the 
effect of crystal size are certain implications in connection with 
fundamental analysis of a journal-lubricant-bearing combination. 
The present concepts of thin-film lubrication take no account 
either of the material or crystalline structure of the mating sur- 
faces. 

In the light of this investigation, it would be appropriate to 
revise the phrase “hydrodynamic theory of lubrication,” to be 
stated as the “‘theory of hydrodynamic lubrication.” This would 
indicate correctly that the theory refers to a certain part of the 
field of lubrication and not to the entire field. 

A theoretical explanation of the mechanism of wear should 
wait on further research in the field of thin-film lubrication. The 
explanation should be developed independent of the data in the 
range of thick-film lubrication. 
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Discussion 


B. F. Hunter.‘ Recently our laboratories had occasion to 
examine a high-lead bearing that had failed in a steam turbine 
for the purpose of determining the cause of failure of the bearing 
metal. The bearing was made in two parts each half being com- 
posed of a steel shell into which the babbitt metal was cast. In 
the main portion of the bearing the lining was about '/, in. thick, 
at the edges about '/, in. thick. 


Fic. 19 ReEpRESENTATIVE METALLOGRAPHIC STRUCTURE OF 

DeFrecTivE METAL, SHOwING LarRGE CusBEs oF 

ANTIMONY, AND SHORT Tu1ck NEEDLES OF CoprpER-TIN IN COMBINA* 
TION, 100 (ErcHED FERRIC CHLORIDE) 


The upper half of the bearing showed only a few slight scores 
but the lower half was badly scored, in addition to being cracked 
and pitted. Numerous small particles had fallen out and others 
were loose and could easily be picked out of the lining. 

Chemical analysis was not made since the manufacturer of the 
bearing material supplied the following specifications: 


4 Chief Lubrication Engineer, Gulf Oil Corporation, Pittsburgh, Pa 
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CONNELLY—INFLUENCE OF CRYSTAL SIZE ON WEAR OF HIGH-LEAD BEARING METAL 


Antimony, per cent.................... 9.5 to 10.5 
COPD DOP 4.5 to 5.5 


Sections from both halves of the bearing were given metallo- 
graphic examinations. A representative structure is shown in 
Fig. 19 of this discussion. It contained extremely large cubes 
of Sn-Sb, and rather short thick needles of Cu-Sn in the alpha- 
solid solution of Sn and Cu and pseudoeutectic. At the magni- 
fication used, this latter constituent could not be resolved, but 
there was a considerable portion present. 

The conditions attending the pouring and cooling of this 
bearing were not obtained and, since no analysis was made, it was 
assumed that the composition was correct. 

That the pouring temperature was correct is revealed by the 
relatively short thick needles, some of which are arranged in a 
starlike shape. Also, the pouring temperature, except in so far 
as it affects the rate of cooling, is insignificant in its action toward 
the formation of such large cubes of Sn-Sb. 

The size of these cubes, the area of each of which, as shown in 
Fig. 19, is about 10 times normal and their uneven distribution 
throughout the matrix are the only conditions present which can 
conceivably be the cause of the failure. The cause of these 
very large cubes can be attributed to the bearing alloy being 
too slowly cooled. The reason for the failure of the lower half 
was probably due to the much higher loads it had to carry; the 
absence of failure in the upper half was because of the compara- 
tively light loads to which it was subjected. 

The unsatisfactory service secured from this bearing appears 
to have been due to the presence of extremely large, poorly 
distributed crystals of tin-antimony compound in the bearing 
material, resulting from too slow a cooling rate after pouring. 

This is one of many similar bearings we have examined and our 
findings would seem to substantiate very definitely the author’s 
data. 


F.C. Lryn.§ The author has presented an enlightening paper 
upon the crystalline structure and its effect upon wear and load- 
carrying capacity of the bearing when the operation is within 
the thin-film region. 

Under “Conclusions” he states that “‘(a) crystalline structure 
is a factor and crystal size an important variable in thin-film 
lubrication.”” In reviewing Figs. 15 to 18, inclusive, it would 
appear that the linear dimension of the crystal has a very critical 
range, at which the rate of wear is large and the equilibrium 
pressure low. Outside of this range it is noted that the rate of 
wear is relatively lov and the equilibrium pressure high. This 
indicates that the size of the crystal should be held within reason- 
able limits during the casting cycle. 

It is not quite understood how the author arrived at the con- 
clusion (c) in which he states that “pressures at beginning and 
end of the lubricated wear are related.’ A further discussion of 
this point would be appreciated. 

The writer requests that information be supplied on the follow- 
ing: 

1 What effect has hardness upon wear? 

2 What effect has hardness on rate of wear and equilibrium 
pressure? 

3 Referring to Fig. 6, on what surfaces were the wear tests 
made? 


R.G. Simarp.* The scope of this investigation on the relation 


‘Turbine Engineering Department, General Electric Company, 
West Lynn, Mass. Mem. A.S.M.E. 

‘Research and Development Department, The Atlantic Refining 
Company, Philadelphia, Pa. 
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of bearing-metal wear to structural characteristics is especially 
commendable and, in this writer’s opinion, constitutes a fruitful 
approach to the problem of wear phenomena. The directness of 
the method employed appears to have definite worth in funda- 
mental investigations of this nature. Although there is no pre- 
tense that the work is in the category of simulated testing, the 
time is not considered inopportune again to remind ourselves 
that wear resistance is a consequence of service conditions rather 
than an inherent property of matter. Application to practice of 
the results of this or similar investigations should be attended 
only with extreme caution. 

An investigation of the wear quality of lubricating oils in rela- 
tion to representative bearing metals along lines suggested by 
the work of Karelitz and Kenyon at Columbia has been under 
way for the last 3 years in the laboratories of the research di- 
vision of the Atlantic Refining Company. A battery of 6 identi- 
cal machines, carefully constructed to eliminate running inac- 
curacies, was employed for the purpose. The standard metal 
specimens were prepared under rigid specification of composition 
and casting procedure. Results soon indicated, however, that 
reliance could not be attached to micrometer indication of rate 
of wear, since the depth of the wear groove was of such magnitude 
that its measurement at the end of a 5:1 lever was seriously dis- 
turbed by temperature fluctuations and slight inaccuracies of the 
shaft. Measurements have accordingly been confined to com- 
parative total wear after an operating period sufficient to insure 
attainment of equilibrium. 

The following data have been singled from our files as illustra- 
tive of that which predicated the change in procedure and these 
comments: 


| | er S.A.E. No. 62 bronze (hard cast) 
| S.A.E. No. 30 acetone-benzol dewaxed nitroben- 
zene refined motor oil (without film-strength 
additive) at 130 + 5F 
| 5/s-in. ground tap and reamer stock 
1760 
60 lb (nominal) 
Measured Indicated Calculated 
Time groove width, groove depth, groove depth, 
Unit (days) in. in. in. 
1 5 0.0139 0.0003 3.75 X 10-5 
2 7 0.0173 0.0002 5.63 X 10-5 
3 9 0.0149 0.0005 4.37 X 10-5 
4 ll 0.0166 0.0004 5.63 X 10-5 
5 13 0.0154 0.0005 4.37 x 10-8 
6 13 0.0143 0.0002 3.75 X 10-5 


AvuTHOR’s CLOSURE 


In discussing the photomicrograph of the failed bearing, Mr. 
Hunter has opened up a field about which comparatively little is 
known. Since preparing the original paper, the author has in- 
vestigated several additional methods of etching and is at present 
of the opinion that no one method gives a complete picture of the 
metallographic structure for the high-lead metal described in the 
paper. The electrolytic etch described by Weaver’ has been 
quite instructive. Whether the same applies to the high tin 
metal cannot be stated, but it is entirely possible that some 
further critical conditions were not revealed by the etching agent 
employed. 

Conclusion (c), “pressures at beginning and end of the lubri- 
cated wear are related,’ was made after study of the data shown 
in Fig. 14 of the paper, where the ordinate is the pressure at the 
beginning of lubricated wear (see Fig. 8) and the abscissa is the 
pressure at the end of lubricated wear. Mr. Linn raises the 
question of the effect of hardness on wear. Referring to Fig. 6, 
it is seen that CS-0, the specimen having the lowest rate of wear 


7“Type Metal Alloys,”’ by F. E. Weaver, Journal of Institute of 
Metals, vol. 56, 1935, pp. 209-233. 
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and highest equilibrium pressure, has a low but not the lowest 
hardness value, while CS-8 (which can best be understood by 
adding 100 to all other hardness numbers), which has the lowest 
hardness number, is intermediate as to rate of wear and equi- 
librium pressure. Further examples could be given but no rela- 
tion seems evident by considering Rockwell numbers. However, 
present methods of taking hardness may be inadequate to indicate 
the hardness of certain critical components of the bearing metal. 

The experience of Mr. Simard concerning the measurement of 
groove depth does not seem directly applicable to the present 
paper. Karelitz and Kenyon reproduced the method reported 
by the author in his first paper (3) on the subject. However, at 
that time it was pointed out that the Ames dial had been dis- 
carded because of its many failings in favor of an electrically 
indicated micrometer screw. The use of a substantially different 
bearing metal and a resulting groove width of quite a different 
order of size would not seem conducive to comparable results. 
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The author has investigated the effect of temperature fluctua- 
tions and found that, while they are of measurable magnitude, the 
fluctuations resulting from the controlled oil temperatures are 
insufficient to vitiate the results. Further, on the basis of work 
done, since the original paper was prepared, the author is ex- 
tremely cautious about accepting the phrase “specimens were 
prepared under rigid specifications of composition and casting 
procedure.” This is no reflection on those who prepared the 
specimens, but is simply a warning that, present knowledge of 
nonferrous compounds of three components and higher being in 
such a state, we cannot be absolutely sure that a set of specimens 
is exactly as intended. 

It seems that metallographic work will have to be done in 
parallel with work on wear of bearing materials and, as this is 
done, we must, as Mr. Simard suggested, be most careful of inter- 
preting results. If others would care to work in the high-lead 
bearing metals, the author would gladly share his troubles. 
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Calculation of the Elastic Curve of a 
Helical Compression Spring 


By H. C. KEYSOR,! CHICAGO, ILL. 


Equations for the elastic curve of a helical compression 
spring are developed, without making the usual assump- 
tion of axial loading. The load is found to be eccentric, 
in general, being axial only under certain conditions. 
Elastic curves are given for both axial and eccentric load- 
ing. These curves are sinusoidal, showing that deflection 
along the bar is not linear, as is customarily assumed. 
A reversed deflection is found to occur in the closed end, 
back of the tip contact point, which increases the de- 
flection of the spring as a whole, and shows that it is not 
correct to consider the entire closed end as inactive. An 
axial load is theoretically possible under certain condi- 
tions, but practically axial loading is difficult to obtain and 
cannot be counted on with any certainty. The effect of 
load eccentricity on stress is considered, and an approxi- 
mate formula for estimating this effect is given. Refer- 
ence is made to laboratory tests by another investigator? 
which are in good agreement with the theory here pre- 
sented. 


by the author which yields three results: 
1 The load is, in general, eccentric with consequent 
increase in stress. 

2 The correct deduction for inactive end turns is shown to 
be approximately 1.2, based on the usual practice of taking the 
total turns as solid height divided by bar diameter. 

3 The deflection at any point along the bar is obtained, thus 
permitting the elastic curve to be drawn. 

The first two items have been discussed in a previous paper® 
by the author. The third item forms the subject of the present 
paper. 

Fig. 1 shows the lower portion of a helical compression spring 
with ends closed and squared. Assume that the spring is com- 
pressed between parallel plane surfaces, as this is the usual 
condition of loading. Let P be the load. Any point on the 
bar, as point a’, muct therefore sustain the direct load P, a 
torque 7’, and a vertical bending moment M, the line of action 
of P being at some point Q. It is apparent that Q must be on a 
radial line through a, the longitudinal center point of the bar, 
for otherwise the forces and reactions on the top and bottom 
halves of the spring would not be symmetrical and the necessary 
condition of static equilibrium would not obtain. We do not 
restrict the position of point Q on the radial line through a; that 


\ ANALYSIS of helical-spring deflection has been made 


‘Mechanical Engineer, American Steel Foundries. 

‘Helix Warping in Helical Compression Springs,” by D. H. 
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is, we consider the load to be eccentric by some variable amount 
e, leaving the magnitude of e to be determined by the conditions 
of the problem. 

The load P can be replaced by two component loads, P; at 
a and P, diametrically opposite a. If P; + P: = P and the 
center of pressure of P; and P; is at point Q the torque, moment, 
and direct load at the general point a’ will not be affected. The 
reactions which balance P are P; at the tip contact point b, 
and (P — P;), distributed in some manner in the vicinity of 
point O where the bar makes contact with the loading plane. 
There is also a torque reaction at point O. The angular distance 
v between b and O is roughly 180 deg for most springs; the deter- 
mination of v will be explained later. 

The location of the contact point b is subject to variation due 
to the manner of forming the tapered end, and due also to the 
load, for it is evident that, with increasing load, b will move away 
from the tip so that the angular distance between contact points 
will diminish. Consideration must be given to this fact in 
interpreting the following analytical results in their relation to 
actual springs. 

From the foregoing discussion, it is evident that we require the 
deflection equations for a helix fixed at the origin and sustaining 


Fig. 2 
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a vertical load at any point along its length. The effects of bar 
curvature, direct shear, and angularity of the bar with the hori- 
zontal, are neglected, as these factors do not appreciably effect 
the results in the case of close-coiled springs. 

Let O be the origin in Fig. 2 and W the load applied at the 
angle #. At any point @ the deflection is y and the slopes in the 
circumferential plane and the radial plane are o and 4, respec- 
tively. These three quantities, expressed as functions of 4 and 
6, will completely define the position of the bar under load. 
They are obtained by the strain-energy method. It is shown in 
texts on elasticity that 


Mm Tt 
far [Ea 


bending moment 
torque due to applied load 

bending moment | due to unit load applied at the point 
torque whose deflection is y 

EI flexural rigidity 

GH = torsional rigidity 


Referring to Fig. 3, let 6 be the coordinate of the point whose 
deflection y is required, and y be the coordinate of any point 


dl=Rdy 
> 
* 
\ 
R ——» 
® sip, 
ay 
Fie. 3 


between the origin O and @. The load W is applied at 4, per- 
pendicular to the plane of the figure. 
At the point whose coordinate is y we have 


M = WRsin( — 
T = WR{l — cos(%—y)] 
m = Rsin(@— y) 


t = R{l —cos(@— 


y= [1 — cos(4 — y) }[1 — cos(6 — y) 


+ ah sin (4) — y)sin(@ — nay 


Reducing, we obtain 
1 
= WR? +-0 cos(B — 6) + sin(@>.— 6) —sin 


1 
—sin@+ cos sin | + EI E cos(@> — 6) 
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The circumferential slope ¢ is found by differentiating Equa- 
tion [1] with respect to Rdé since 


a Rd 
1 l 
o¢ = + - 
(0 0) + = sin sin (2 
EI| 2 sin(@ — ] 


The radial slope A is shown in Fig. 2, and it is apparent that 
the originally horizontal radial axis X—X will slope upward 
toward the coil axis, while the circumferential Y—Y axis slopes 
downward. Therefore, if we take o in Equation [2] as positive, 
d will be negative. Let dg be the angle of twist in the element 
dl at y, and di be the change in slope due to vertical bending, 
in the length dl at y. Projecting d¢ and di upon the plane of 
6, which makes the angle @ — y with the plane of y, we obtain 


= dp cos(@ — ¥) — di sin(@ — y) 


It can be seen that the torque 7' which causes d¢, tends to give a 
positive value of \ at 6, but the moment M would make da 
negative. Since 


then 
1 
= WR? ff cos(6 — [1 — cos (4 — y) 


1 
sin(@ — y) sin (0 — 
which reduces to 


1 
GH 


(6 in sin 6 (3) 
EI| 2 — Sin cove 


The deflections and slopes at the load point 4 are obtained by 
making = 


1 
= —WR’? E @ — 6) — sin + COs Oo sin | 


1|3 1 
Yo = war} —2sin + 


[10] 


= was} — cos te + 2 
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1 1 
E 09 — sin 0) + ain 2 


1 
[Bal 


These equations can be checked by observing that they must 
satisfy the condition 
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KEYSOR—CALCULATION OF ELASTIC CURVE OF A HELICAL COMPRESSION SPRING 


where y is the deflection at > referred to @ as an origin, and is 
obtained from Equation [la] by replacing 0 with (@ — @). 
Reduction of the right-hand member of Equation [4] shows that 
it becomes identical with Equation [la], thus proving that Equa- 
tions [1] to [3] are correct. 

The deflection and slopes of a point beyond the load point are 
required as shown in Fig. 4. 


~ 
- 
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Letting 0’ be the coordinate of the desired point we obtain 
y' from Equation [4] by making y = 0, yo = y’, 0 = 0’, and 0 = 6: 


y’ = yo + Rao sin(@’ — 0) + — cos(6’ — ] 


Projecting the orthogonal slopes oo and Xo on the plane of 6’, 
that is, through the angle (6’ — 6), we obtain 


o’ = ao cos (0’ — 0) — do sin(@’ — 4%) 
Ao COs 60) sin(@’ 60) 


Substitute yo, oo, and Xo» from Equations [la], [2a], and [3a]; 
reducing we get 


y' = WR [a+ + cos(6’ — + sin(@’ — 4) 


1 
— sin 6’ — sin 0 + 3 cos 6’ sin | 


1] 1 1 
+ — EI E cos(@’ — 0) — 3 cos 6’ sin [5] 
= WR? sin(0’ — 6) + — 6) 
GH 4 


— c0s(20) — 0’) + cos (30 — 6’) 5 sin(6’ — 65) 
4 


+ cos(6’ — — c0s(34 — 0’) | [6] 


= —WR? E cos(0’ — + sin(@’ — 6) — sin 


1 1 
+ 3 cos 6’ sin + 6 cos(0’ — 4) 


— 5 00s 6’ sin [7] 


The method of applying the equations to the calculation of the 
tlastic curve will now be given. Fig. 5 shows the lower half of 
the spring, a being the longitudinal center of the bar. The 
ingle u — » is known, since it is one half the angle between 
ipeontact points. Point O, which is taken as the origin, is the 
“ame as in Fig. 1, and its position must be left to be determined, 
that is, angle » is an unknown. The two load components, P; 
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and P2, and the reaction P3, are all unknown, so that, with », 
we have four quantities to determine. The four necessary 
conditions are: 


1 P, + P; = P where P is the given load on the spring. 

2 The combined deflection at point 6 is zero, since the tip 
prevents downward movement of the adjacent coil. 

3 The combined radial slope at point a@ must be zero to 
suit the imposed condition of parallel loading planes. 

4 The combined vertical bending moment at point O must 
be zero, for the bar is not fastened to the loading plane and is, 
therefore, free to move upward, which it actually does. Suppose 
that at some point O’ between O and b the bar were forced back 
to its no-load position by a force F. The reaction to F would 
be upward at b resulting in a vertical moment at O’, which point 
would be the origin. Therefore, a moment at the origin would 
necessitate a downward force at that point to hold the bar against 
the plane, obviously a physical impossibility. It will be shown 
later that the torque at the origin is not zero, and that this 
condition is consistent with a zero bending moment. 

The combined circumferential slope at a is not required, for 
whatever value it may have, the condition of parallel loading 
planes will be satisfied due to the symmetry of the top and 
bottom halves of the spring. 


Fig. 5 


To express the conditions (2) and (3), and to find the deflection 
at a, the component deflections are written from Equations [1] 
to [7]. Taking P; at a, we have 4% = u and @ = ». From 
Equation [la] 


143 1 
= 3 2 - oF 
(yi = PiR \aal: u—2sinu+ 4 sin 


From Equation [1] 
1 
= + veos(u—v) + sin(u — v) 


. 1 
aE v cos(u — v) 
5 v cos u 


1 
—sinu+ 2u| 


oo \ 
EI} 2" 


From Equation [3a] 
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Taking P; diametrically opposite a, we have % = u + m and 
6 = ufor point a. From Equation [1] 


1 
(y,)2 = E u gain 


From Equation [3] 
1 
(A,)2 = —P:R? ; u—sin u— 4 sin 


GH 
+ + 
2" "4 


For point b, @ = v and we have from Equation [1] 


1 l 
(y,)2 = P2R {a5 | v 3 v cos(u — v) —sin(u — v) + sin u 


1 
—sin vos 


+ 1 inv | 


Taking P; at point b and using the negative sign because Ps 
acts upward, we have % = vand 6’ = u. From Equation [5] 


(y,.)s = —P;R* E + v cos(u — v) + sin(u — v) 


5 u ki 5° u—v 


1 
3 sin v cos 


(A,)3 = E v cos(u— v) + sin(u — v) —sin u 


2° — 5 sin u 


From Equation [la] 


From Equation [7] 


1 
3 —— j ea} 
(yo)s {a0 E v—2siny + 2| 


Combining the above results we have: 


+ + (y)s = 0...Condition (2) 
+ (Ag)2 + (Ag)s = 0...Condition (3) 
Ya = (Ya)i + (Ya)2 + (y2)s 


This last equation is not required for the elastic-curve cal- 
culation, but is used in calculating the deflection of the spring 
as a whole and, hence, the deduction for inactive end turns. 
The condition equations can be simplified by the usual trigono- 
metric transformations, and for round steel bars, a further simpli- 

1 
fication is made by putting = 0.770 GH 

Simultaneous solution of the equations for conditions (1), 
(2), and (3) gives the results 
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BF + EC 
+ B) — 2C? 
P, = P—P, 
E(A + B) + 2BC 
F(A + B) —2C? 


3 


P; = P 


GH P r 
= 0.885u — sin u + 0.0575 sin 2u 
= 0.885u + sin u + 0.0575 sin 2u 
= 0.885 cos(u — v) + sin(u — v) — sin u 
+ 0.115 sin v cos u 
C+v—sinv 
—C + v—sinv 
= 1.885v — 2 sin v + 0.0575 sin 2v 
= 1,885u — 2 sin u + 0.0575 sin 2u 
= 0.115u — 0.0575 sin 2u 


The angle v is now determined from condition (4) which is 
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| ar + + B) E(A + B) 


+ BC eine = 0.......... [9] 


This equation can be solved by trial. If we assign a numerical 
value to v, the terms containing only trigonometric functions of 
u can be grouped into one member, and the other member of the 
equation becomes merely a constant times u. To illustrate, 
let v = 188 deg, and the condition (4) equation becomes 


sin? u — 0.5494 sin u[2.9039 cos(u — 8°) + sin(u— 8°) + sin u 
+ 0.0160 cos u] + 0.004226 sin 2 u = —0.06502 u 


The left-hand member contains only sine and cosine functions of 
u and its graph will therefore be sinusoidal with waves of con- 
stant amplitude. The right-hand member is merely an inclined 
straight line, and since it is negative, we need consider only the 
negative portions of the sinusoidal curve. This curve repeats 
at intervals of +, therefore only the first negative wave is re 
quired, and we obtain the roots by drawing a series of inclined 
parallel lines separated by a vertical distance of 0.06502 7 as 


U 


FUNCTIONS OF U 


v=186° 


Fia. 6 


shown in Fig. 6. The first two roots, points (1) and (2), have 
no significance since they are less than v, The other seven roots 
are as shown. 

Values of u and » obtained in this manner are plotted in Fig. 7. 
It is seen that v fluctuates about 180 deg as a mean and that, 
except for short springs, it differs but little from this value. 

We can now work out any desired numerical case from Equa- 
tions [8] and the graph of Fig. 7. It is found, in general, that 
P, + P or the resultant load P is eccentric. The loading is 
axial, P; = P, only when 


u—v = integer X x + 92 deg 
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and the eccentricity is maximum when 


u—v = integer X x (approximately) 


The maximum eccentricity diminishes with increase of u, as 
shown in Fig. 7. The abscissas are shown in terms of u and also 
the number of turns between tip contact points. 
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NUMBE® OF TUENS BETWEEN TIP CONTACT POINTS 
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The reactions between the coil end and the loading plane must 
now be considered, to show that the necessary conditions of 
static equilibrium are satisfied. The tapered tip which contacts 
the loading plane is shown in Fig. 8. 

NEGATIVE TORQUE 


P-R 


8 


A numerical calculation of P;, P:, and P;for various values of u 
shows that there is always a negative torque 7’) at the origin, 
as shown in Fig. 8, which would cause the tapered end to 
rise from the loading plane if it were not held down by the re- 
action P;. The reactions between the tapered end and the 
loading plane are Q; and Q:. Static equilibrium requires that 
the sum of torques, and the sum of bending moments at O must 
each be aero, and sum of reactions equal to the load on the spring: 


P;R(1 — cos v) — Q.R(1 — cos z) — To = 0 
P3R sin v — QR sin 2 = 0 
Q+Q: =P 


The terms P, Ps, and Py are calculated as previously explained, 
and 7’) from the equation 


= R{ — P;(1 — cos v) + P — (Pi — P2) cos ul) 


Q:, Q2, and z can then be found from the foregoing three equa- 
tions. The results of a sample calculation are as follows: 


u = 387 deg 7 min 


v = 193 deg z = 193deg 55 min 
P, = 0.32407 P Qi = 0.33362 P 

P; = 0.67593 P Q: = 0.66638 P 

P,; = 0.71284 P 

To = —0.09423 PR 
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To test the truth of the foregoing reasoning, a test was made, 
cutting off the tapered ends at C (in Fig. 8) and using a spring 
with ends ground accurately parallel (to within 0.0005 in. in 
6'/, in.), and employing ground-steel plates for loading planes. 
Upon application of the load it was found that the end C; moved 
upward from the loading plane, thus proving that there is a 
negative torque at O if the ends are not cut. 

The elastic curve can now be calculated for any desired length 
of spring. Taking first a case of approximately maximum eccen- 
tricity (u = 1080 deg and v = 180 deg) we obtain from Equation 
[8] 


P,; = 0.4520 P 
P, = 0.5480 P 
P; = 0.5755 P 


Letting @ be the coordinate of any point, we write the component 
deflections from Equation [1] using 


1080 deg for Pi 
1260 deg for P: 
180 deg for Ps 


= 


and 0 < 6 < 180 deg 


Adding these deflections, in terms of P, we obtain 


y = X 0.4245 [a(1 + cos 6) —2sin@]..... [10] 
which gives the elastic curve for points between the origin O and 
the tip contact point b. 

For values of 6 > v we require another equation because P; now 
comes between @ and the origin. Using Equation [5], and re- 
placing 6’ with 6, and 4 with v (180 deg) we obtain the component 
deflection for Ps. The component deflections for P; and P; are 
the same as used in the preceding paragraph. Combining 


y= — 0.08489 cos 6) — 1.8081 


+ 1.6175 sin (6 + 81°37)]... [11] 


which applies between the tip contact b and the bar center point a. 

The consistency of these results can be seen by noting that 
Equation [10] gives y = 0 for @ = 0 or@ = 180 deg, and Equation 
{11] gives y = O for @ = 180 deg. Also the derivatives of Equa- 
tions [10] and [11], taken with respect to 6, are equal for @ = 
180 deg, thus satisfying the necessary condition of continuity. 

The graph of Equations [10] and [11] is the required elastic 
curve and is shown in Fig. 9, deflections being plotted in terms 
of the deflection of the entire spring. It is seen that the de- 
flection is reversed between the origin and tip contact point, 
which fact makes the deflection of the whole spring more than 
it would be if the bar were held fixed at the tip contact. The 
elastic curve has sinusoidal waves, the amplitude of which 
diminishes as the center of the spring is approached. 

Taking the case of axial loading, we have 


P; = P; = 0.5P u = integer X x + 92 deg” 
Ps; = 0.5305 P v = 180 deg 


The method of calculation is the same as for the previous case, 
and we find 


on X 0.4695 + cos 2) — 2sin6]...... [12] 
0<0<»v 
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Equations [10] and [12] are identical except for a small difference 
in the numerical coefficient, showing that the deflection back of 
the tip-contact point is practically unaffected by load eccen- 


DINAL 
{center POINT 
OF BAR 
6 
ol, § 
So 
a 
3 5 TURNS |BETWEEN | TIP CONTACTS 
/ Eccentricity, € 40.0955 
ELASTIC CURVE 
b 
ratio, 
Fig. 9 


tricity. The graph is shown in Fig. 10; it has sinusoidal waves 
of constant amplitude as can be seen from the form of Equation 
13, whereas, with eccentric loading the amplitude diminishes 
at the bar center point. This is the distinguishing feature be- 
tween axial and eccentric loading as far as the elastic curve is 
concerned. 

An experimental determination of the elastic curve, covered in 
a current paper’ by D. H. Pletta and F. J. Maher of the Virginia 
Polytechnic Institute, furnishes proof of the essential correctness 
of the analytical results. 

Load eccentricity increases stress because the maximum 
torque is increased, the direct load being unchanged. If we let 
Z be the eccentricity stress factor, the relation between Z and the 
eccentricity e is given by 

e 


« 


Axial loading is theoretically possible, but actually it cannot 
be realized. This point is discussed in more detail in Professor 
Pletta’s paper. His experiments showed close agreement be- 
tween the test and theoretical elastic curves in cases of maximum 
load eccentricity. For the theoretical number of turns corre- 
sponding to axial loading, the agreement between test and theory 
was not as close, indicating that axial loading was not realized 
in the tests in spite of all the precautions taken to obtain it. In 
actual springs the chances of getting axial loading would be even 
less, and it would therefore appear best for conservative design 
to calculate the eccentricity stress factor Z from the envelope of 
the e curves shown in Fig. 7. It can be shown that on this basis 
the envelope formula for Z would be 


0.5043 0.1213 2.0584 
N = solid ht + bar diameter 


In order to use the foregoing analytical results in calculation, 
it is necessary to relate the angle u — v to the number of turns in 
the spring. The actual average location of the tip-contact point 
b, as shown in Fig. 1, is somewhat advanced from the extreme tip, 
say about !/2 turn or 18 deg. Since the bar-tip thickness is 1/, 
of the bar diameter, the number of closed turns at one end is 


MAY, 1940 
CENTER| POINT 
OF BAR, 
a 
3 a 
| 
2 
8 
6 VA TURNS BETWEEN TIP CONTACTS 
AXIAL LOADING 
Fi ELASTIC CURVE 
7 PEVELOPED | 
b 
7 3 4 
RATIO, 8 
Fie. 10 


/, + 1/4 + 1/9 = 0.8, or 1.6 for the whole spring. Therefore 
2(u—v) = 2x(N — 1.6) 


= N — 1.6 = number of turns between tip-contact points. 


Using this equation in connection with any desired value of \, 
we can find the eccentricity from Fig. 7, or the envelope stress 
factor Z from the equation in the preceding paragraph. 

The deflection for the whole spring is 


PD*x(N — 1.2) 
4GH 


8PD\N — 1.2) 
Gd* 


for round bars, where N — 1.2 is the number of effective turns. 
The deduction of 1.2 for inactive end turns is obtained from the 
foregoing analysis by calculation of y,. 


Discussion 


H. C. Perkins.‘ Elastic curves of helical compression springs, 
as computed by the author, check so well with the experimental 
results? reported by Pletta and Maher that the essential validity 
of his theory seems definitely established. He is to be con- 
gratulated upon the success of his analysis and the accuracy of his 
calculations. Nevertheless, his formulas are inconvenient, 
especially in case his Fig. 7 is inapplicable. 

Since the author’s theory seems to be of sufficient interest 
and value to warrant an attempt to simplify the analysis and re- 
duce its results to more convenient form, the following discus- 
sion of his paper has three objects: 


1 To check the author’s theory 
2 Tosimplify his analysis 
3 To derive formulas which could be used in design. 


Fig. 11 of this discussion represents the lower half of a com- 
pression spring stressed and deflected by a force P with eccen- 
tricity e and supported by reactions P; and P, at the lower end 
coil as shown. Since the bending moment does not, in general, 
vanish at the point V = z, but is small and changing rapidly, the 
author chose to take the origin O at the cross section of zero 
bending moment and to regard V as undetermined. 


4 Assistant Professor of Mechanical Engineering, Cornell Univer- 
sity, Ithaca, N. Y. Mem. A.S.M.E. 
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It therefore follows that the stress resultant at O (including 
any reaction between O and b) is a vertical force P, with action 
line intersecting a coil diameter through O, at an unknown dis- 
tance C from the axis of the coil. If f represents the number of 
free turns of wire between end contacts b, then half the free 
length of the wire is equal to Rfx as suggested in Fig. 11 of this 
discussion. 

Three independent equations of equilibrium may be written. 
Thus, summing forces 


Summing moments about a coil diameter through a 
sin fe + P.C sin U =0............. [15] 

Summing moments about a coil diameter through b 
Peon fe — PC sin V [16] 


But @ moment sum about the coil diameter perpendicular to the 
one through a is also useful in case sin fx and sin V vanish as they 
do when f = integer. Thus 


Pe + cos fr + P.C cos U =0......... {17] 


Fic. 11 Lower or CompRESSION SPRING STRESSED AND 
DEFLECTED BY Force P AND SuppoORTED BY REACTIONS AND P, 
AT THE LOWER Enp 


Before proceeding with the general analysis, consider two 
special cases. 

In case 1, when 2f is an odd integer, the end contacts b are at 
opposite ends of a coil diameter. In this case, by symmetry of 
the upper and lower halves of the spring e = 0, since P must be 
equidistant from the two end contacts. Then by Equation [16] 
of this discussion, since fr = 0 and P,C does not vanish, it fol- 
lows that sin V = 0, so V = rand U = (integer) (x) + 90 deg. 
This is 2 deg smaller than the author’s value. The error is not 
one of calculation but seems to follow from the assumption that 
the radial slope \ vanishes at the origin. This assumption is, in 
general, inconsistent with the fact that, as shown by the author, 
there are torques on most cross sections of the “dead end coil’”’ 
of an actual spring, but the tests* of Pletta and Maher indicate 
that the consequent errors are probably smaller than those intro- 
duced in the manufacture of the spring. 

In case 2, when f is an integer, sin fx = 0, and since P,C does 
not vanish, Equation [16] of this discussion requires that sin V = 
0,soV = x. 

Given the value of V as in cases 1 and 2, the corresponding 
value of C/R is found from the condition that the deflection y 
must vanish at b. The deflection y at any point of the elastic 
curve may be formulated as follows. 

The bending and twisting moments on any cross section lo- 
tated by angle 6 from 0 or angle ¢ from b are 


M = PC + P;Rsin@..............[18] 


T = P, (C cos 6 — R) — PR (1 — cos @)...... [19] 


and corresponding values for unit downward force on the elastic 
curve at angle a from O or 8 from b are 


m = —R sin (a — 4) 

= —R sin (8 — @)......... [20] 
=—R [1 — cos (a—6)] 

= —R [1 — cos (8 [21] 


Substituting these values in the strain-energy formula 


and integrating dL = Rdé@ = from 6 = 0 to @ = from 
= Oto = the result is 


1 1 
y = P\Ri— oR | (a cos a — sin a) 
P.R? 
GH (a — sin a) + Ser (8608 8 — sin 
+ Son Bcos 8 — 3 sin 8)..... [23] 


Note that by taking 8 = 0, P; = W, P, = 0, and % = 0, or taking 
a = 6, P, = W, P; = 0, C = R, and 6 = 0, Equation [23] 
and the author’s Equation [1] are reduced to the same form. 

Since P, is the only reaction if the angle @ is less than V, the 
zero deflection at b is formulated by letting P; = 0 and a = V in 
Equation [23] of this discussion. It follows thus that 


V —sinV 
REI +GH sinV—VeosV 
if = 0.77 
ori EI 7 


In cases 1 and 2, V = x and C/R = 1.13. In general, how- 
ever, before C/R can be evaluated, V must be computed from the 
condition that, by symmetry, the radial slope \ must vanish at 
the mid-section. Thus, bending and twisting moments on any 
cross section are given by Equations [18] and [19] of this dis- 
cussion and corresponding values for unit torque at mid-section a 
are 


m = —sin (U — 6) = —sin (fr — ¢)......... [26] 
t = cos (U — 6) = cos (fm — @)........... [27] 


Substituting these values in the strain-energy equation 


integrating dL = Rd? = Rdg from @ = 0 toé@ = U or from ¢ = 


—RP 
0 to @ = fx, solving for CP * and equating it to the correspond- 
4 
ing ratio from Equation [15] of this discussion 
—RP; UcosU—AsinU 
CP, fx cos fx — sin fr 


+ 


EI + GH 


sin U 


= 
sin fr 
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GH 2.1 
To check, let — = 0.77, and take f = which comes under [32] 
EI R GH 
f(3+ EI +2 
ease 1. Then — 1.13, A = 0.87, sin fr = 1, cos fx = 0, sin 
Since e, in Fig. 11 of this discussion, is alternately positive and 
U = —1,cos U = 0. These values do not satisfy the equation. negative as f is alternately odd and even, and passes through zero 
To estimate the error, regard fx as undetermined. Then when 2f is an integer, the curve e versus fx is periodic. It may be 
approximated by the formula 
0.13 
cot fx = — e — 2 cos fr 
Solving by successive approximations, fr = 94 deg 30 min. F (s + = +2 


The author found that e = 0 when U — V = (integer) (x) + 92 
deg. In general, by taking A = 1 in Equation [29] of this dis- 
cussion, the error is eliminated in case 1 and perhaps in other 
cases as well. If this change is effected, the equation can be 
written in the form 


which is easily solved by successive approximations. 
For example: let f = 3.25 so cot fr = 1. Substitute Uo = 


585 + 180 deg on the right and solve for U; on the left. Thus 
_ 585 (1) 
cot U; = 765 0.764 


so U, = 772.6. Substitute U; on the right and find U; = 772.9 
deg on the left. This completes the solution, since further re- 
finement is useless for slide-rule computation. Now V = 772.9 
— 585 = 187.9 deg, which seems to check with the corresponding 
ordinate in the author’s Fig. 7. 

Using this value of V in Equation [25] of this discussion, C/R = 
1.238 

Equations [14] and [15] of this discussion may now be solved 
to find P, = 0.583P and P; = 0.417P and Equation [16] solved to 
find e/R = 0.101 which is about 10 per cent less than the corre- 
sponding ordinate in the author’s Fig. 7. Finally, the over-all 
deflection of the spring is obtained by doubling the deflection at 
mid-section, the latter being found from Equation [23] by taking 
a = Uand 8 = fr. 

A formula approximating the author’s ‘envelope curve” may 
be found by taking f = an integer and solving Equations [24], 
[14], [17], and [29] to find 


e 
$7) +2 


Disregarding sign and taking aH = 0.77, the results check the 


author’s values of e/R for f = 1, 2, and 3 free turns, respectively. 
Increasing the numerator 5 per cent and, changing sign, the 
“envelope formula’’ is 


in which F is the integer nearest to the given value of f. 
GH 
In the foregoing example, in which f = 3.25 and EI” 0.77, 
F = 3 and the approximate eccentricity ratio is 


1.414 
R 3X3.77+2 


This discussion seems to support the conclusion that, although 
simplifying assumptions have introduced some errors, the errors 
are probably small. The author’s calculations also seem to be 
highly accurate despite their complication. However, as shown, 
the analysis need not be complicated and, judging by the illus- 
trative example near the close of this discussion, the formulas 
therein derived could easily be used in the design of helical com- 
pression springs. 


= 1.06 


AvuTHOR’s CLOSURE 


Professor Perkins’ discussion is of much interest. as showing a 
different method of approaching the problem. His treatment is 
admittedly shorter than the author’s, and possibly simpler, but 
it has been compressed to such an extent that it is more difficult 
to follow. For instance, Equation [23] is given for the elastic 
curve, but no equations expressing P; and P, directly in terms of 
P are given. Apparently it would be necessary to use Equation 
[15] which involves U, finding U from Equation [30]. The 
author admits frankly that the assumption of zero \ at the origin 
is not exactly true. However, it is very nearly true, physically, 
as is the case with many assumptions commonly accepted in 
elasticity calculations. It is not clear why the reaction P, has 
been taken as acting outside the coil. 

The paper is concerned primarily with the determination of 
the elastic curve, as the subject indicates. No attempt was made 
to give working formulas for practical spring calculation. For 
such purposes, neither the author’s paper nor Professor Perkins 
discussion is suitable. A further simplification is necessary and 
the results must be put in tabular form so that the use of formulss 
is eliminated. Such tables have been prepared by the author and 
used for several years in routine spring calculation. They have 
proved to be rapid and accurate, containing the proper allowance 
for inactive end turns and load-eccentricity effect, as expressed 
in the envelope curve. 
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When helical springs are compressed between parallel 
planes, the load is usually eccentric with the longitudinal 
axis and the helix, in its deflected position, is no longer 
truly helical but assumes a sinusoidal or warped shape. 
The magnitude of the eccentricity and of the warping is a 
function of the number of turns in the spring. 

The research reported on here illustrates this warping for 
a heavy helical spring, whose length was varied for the 
series of tests, and it also compares the test results with the 
theoretical behavior as outlined in the accompanying 
paper of H.C. Keysor. In general, the actual and theoreti- 
cal behavior were in excellent agreement, thus apparently 
substantiating the theory. An analysis of the data also 
emphasizes the need of always assuming some eccentricity 
of load in practical design, to allow for the lack of perfect 
concentricity of the individual turns. 


HE TESTS reported on in this paper were undertaken to 
( et the correlation between the actual behavior of 

loaded helical compression springs and the theoretical 
behavior as outlined in the companion paper* by H. C. Keysor. 
The theory indicates that helical springs, when compressed 
between parallel planes, are usually subjected to an eccentric 
rather than a concentric load,and that this eccentricity causes the 
helix to warp under load. The term warping, as used here, 
indicates that the deflected helix assumes a sinusoidal shape and 
does not remain truly helical in its deflected position as the 
ordinary spring formula leads one to believe. Fig. 1 illustrates 
this phenomenon. Curve A shows the unloaded helix ‘“un- 
yound” and projected on a vertical plane. Curve B indicates 
the deflected position of this helix after application of the load, 
the solid curve showing actual behavior, and the dotted line 
showing the commonly assumed position. The shaded area be- 
tween curves A and B represents deflection and is replotted in 
curve C for only half of the helix. 

The actual and theoretical behavior of compression springs 
may then be checked by measuring the actual eccentricity 
# load or by measuring the warping of the helix, and comparing 
these observations with the theoretical values. The tests as 
‘arried out included only observation of helix warping, mainly 
weause apparatus capable of determining warping already 
sisted and because it would have been somewhat difficult to 
measure eccentricity accurately on the heavy stiff spring used. 

A single spring was used in this project. Hence, all variables 
mech as differences in heat-treatment, moduli of elasticity, coil- 
iad-bar diameter, etc., common to any series of separate speci- 
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Compression Springs 


By D. H. PLETTA! ann F. J. 


MAHER,? BLACKSBURG, VA. 


mens were eliminated or at least minimized. The bar as coiled 
consisted originally of about seven turns from each end of which 
equal lengths were cut as the spring was shortened for the series 
of tests. The spring had an outer diameter of 6.42 in. and a 
bar diameter of 1.336 in. A plain carbon steel (0.9 to 1.05 per 
cent C) was used, coiled hot on a slightly tapered mandrel, and 
subjected to an oil quench from 1525 F and a subsequent draw- 
ing to 850 F. 

The spring lengths, as tested, were placed between special 
helical end blocks mounted to the base and movable head of a 
testing machine, Fig. 2. Very thin plaster of Paris cappings, 
as cast in place under load, insured continuous contact for the 
first 270 deg of the dead turn. The balance of the apparatus to 
measure the warping consisted essentially of a collar, concentric 
with and free to rotate about the lower end block, to which a 
vertical post was attached. An Ames dial reading to 0.001 in. 
was fastened to a sleeve which was free to slide up and down the 
post. A tapered pin, which fits through the sleeve and post 
simultaneously, could be inserted in any one of a series of holes 
in the post spaced 1 in. apart. The cantilever arm attached to 
the lower end of the Ames-dial plunger rested on the top side of 
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the wire of the spring. With this arrangement, it was possible 
to determine the elevation of any point on the coil to 0.001 in. 
above a datum for any given load. A subtraction of two suc- 
cessive elevations at any given point gave the net deflection for 
that increment of load. } 

During a test run, readings were taken at points spaced 30 
deg apart along the helix for loads of 500 and 8000 lb. The 
cantilever arm was used to eliminate the error that could pos- 
sibly result if points on the outside of the wire had been used. 
Any twist in the wire, when the coil was loaded, would have 
caused these points to deflect more or less than the helical axis, 
whereas any measurement made on a horizontal tangent to the 
top of the wire would always remain half a wire diameter above 
the axis. At each load the deflection of the whole spring was 
also observed by noting the movement of the head of the testing 
machine. 

At the 8000-lb load, the upper and lower split wedge blocks 
were adjusted so that the deflection of the end of the dead 
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turn (point 13) was reduced to zero relative to 
its seat. The wedges can be seen in Fig. 2 and 
are also illustrated in detail in Fig. 3. They 
resemble a bolt with the circular head of the 
bolt and washer tapered. Under the 8000-lb 
load the two ends of the dead turn closed sev- 
eral hundredths of an inch allowing point 13 to 
deflect. This movement was reduced to zero 
by tightening the nut, thus separating the ends 
of this turn. Various other nonadjustable sup- 
ports were tried but all of them allowed some deflection due to 
the localized contact deformation. It was thought best to have 
this deflection zero in keeping with the theory, but it should be 
added that the small movement allowed by these other sup- 
ports was not critical, for the deflections of points along the helix 
were only slightly affected. 

Table 1 indicates the scope and some of the results of the tests. 
Seven tests were made, the bar length varying from 6 to 3.511 
total turns. Three of these lengths were such that the eccen- 
tricity of the load was theoretically zero; whereas the others, 
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+ R = mean coil radius. 
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TABLE 1 SCOPE AND TESTS ON HELICAL 


Actual Theoretical per cent 


2 All test springs had two dead coils in addition. 


MAY, 1940 


with the exception of case 2, were such that the eccentricity 
was the maximum attainable. The theoretical spring deflection 
was calculated, using a shearing modulus of elasticity of 11,600,- 
000 Ib per sq in. 

Fig. 4 shows the helix warping up to mid-length of the spring 
for the seven tests outlined in Table 1. The other half of the 
spring should, of course, be identical and tests indicated that it 
was, but there seemed little need of plotting the curves for the 
entire spring. The load increment was 7500 Ib. The solid line 
represents theory. No attempt was made to draw a curve 
through the data points. In four of the tests the correlation 
between theoretical and actual behavior was almost perfect, 
whereas in the other three cases it was only fair. There are 
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several reasons why the agreement in these last three cases should 
not be perfect. The measurement of the deflection on the top 
of the bar rather than along the neutral axis; the slight rocking 
of the bar on the split wedge blocks, tending to shorten the spring; 
the imperfect seating on the helical end seats; and the lack of 
perfect concentricity for the individual turns of the spring, 
all tended to modify perfect behavior. The last condition is the 
most important. It is practically impossible to coil heavy bar 
so that all turns are identical in diameter, pitch, and concen- 
tricity. If only one turn is displaced laterally, an axial load 
on the spring would be eccentric on this coil. Theoretically 
the warping decreases near the center of the spring as the ec- 
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R OF TURNS 
- 5 0.947 0.938 +0.96 
1 4 0.444 088801802 10.45 
3.75 4.194 0.846 
3 3.511 97 2 0.723 $1.39 
399 0.732 
3 3.399 0. 
4 511 2.979 0.468 0.625 0.634 1.42 
7 1.511 1.979 0.468 0.416 0.4 
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centricity of load increases. Hence the sinusoidal effect would 
tend to be damped out especially at the center of the spring. 
The measured eccentricity of individual turns on the spring 
amounted to several hundredths of an inch, which corresponded 
approximately to e = 0.02R rather than zero. Naturally the 
magnitude of this error was relatively larger in cases 3 and 5 
when the eccentricity should have been zero than in cases 
1, 4, and 6 when e was appreciable. Yet in case 7, with e = 
0 theoretically, the correlation is very good. The reason for 
this is that this spring had only 1.511 free turns and was there- 
fore too short to be affected by any lateral displacement of a full 
turn, the short length practically requiring concentricity with 
itself. 


THEORY 
TEST DATAe 


DEFLECTION OF SINGLE TURN IN INCHES 
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: 1 
POSITION OF TURN 


Fie. 5 Der.ectrion or Inpivipvat Turns 30 Dea APART 


The actual eccentricity of individual turns in cases 3 and 5 
was actually determined, but its existence would also be sus- 
pected when studying Fig. 5. Here the deflection of individual 
full turns 30 deg apart is plotted for cases 1, 3, and 4. The 
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sinusoidal nature of the test data for case 3 is possible only 
when the load is eccentric. When considering this variation, 
it should be remembered that the total load on the spring, 
considered as a concentrated force, acts perpendicular to the 
diameter through the mid-point of the spring, and that it is 
generally displaced from the longitudinal axis of the spring. 
Some objection to these tests and the theory might be raised 


TOTAL 
DEFLECTION 
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Z 


DEFLECTION OF HELIX POINT 


2 


NUMBER OF FREE TURNS 
DEAD TURNS NOT SHOWN 


Fie. 6 WARPING OF A COMMERCIAL SPRING 


because of the difference in the end conditions between these 
tests and those in commercial springs with their tapered ends 
ground square. Fig. 6 illustrates helix warping in a commercial 
spring tested and reported on previously.‘ Here again the 
sinusoidal effect is quite evident. 

It is the belief of the authors that the tests reported in this 
paper substantiate Mr. Keysor’s theory on spring behavior and 
also emphasize the absolute necessity of always assuming some 
eccentricity for the load in commercial design to be on the safe 
side. In other words, an eccentricity based on the envelope of 
the theoretical cyclic variation in eccentricity,® rather than the 
theoretical eccentricity itself, should be used to allow for the 
lack of concentricity arising in the practical manufacture of 
springs. In the commercial design it should, of course, be 
remembered that eccentric loads produce greater shearing 
stress than the commonly assumed axial loads. 


4“The Effect of Overstrain on Closely Coiled Helical Springs and 
the Variation in the Active Coils With Load,” by D. H. Pletta, 8. C. 
Smith, and N. W. Harrison, Bulletin 24, Engineering Experiment 
Station, Virginia Polytechnic Institute. 

5 Reference 3, Fig. 7. 
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Boundary Film Investigations 


By SYDNEY J. NEEDS,' PHILADELPHIA, PA. 


This paper describes attempts made in Dr. Kingsbury’s 
laboratory to detect the influence of boundary surfaces 
on the viscosity of thin films of lubricant between two 
optically plane parallel disks. Investigations included 
both mineral and vegetable oils. Details of two testing 
machines are given and typical results with each machine 
are described. 


INTRODUCTION 


HE MANNER in which a liquid in contact with a solid 
‘Le is influenced by that surface has been the subject 

of considerable study in this country and abroad. It ap- 
pears obvious that the molecules of the liquid actually in contact 
with and adhering to the surface, or to adsorbed layers on the 
surface, must necessarily behave differently from adjacent mole- 
cules of the liquid in bulk. But the nature of this surface phe- 
nomenon and the distance from the surface to which its influence 
extends are not well understood and experimental studies have 
given rise to widely divergent opinions on these particular points. 
Kingsbury (1)? pointed out some 37 years ago that the nature of 
this surface property was preyably “‘an intensified viscosity in that 
part of the fluid within the region of attraction of the surface 
molecules of the metal.” ifardy and Nottage (2) offer proof 
“that the attraction field of the solids modify the state of the 
lubricant throughout a layer many hundreds or thousands of 
molecules in thickness; and they place the limit of boundary 
lubrication (3, 4) at a distance of 0.007 to 0.010 mm (0.0003 to 
0.0004 in.), that is, the film must be of that order of thickness if 
any of the liquid is to be beyond the range of surface influence. 
Wilson and Barnard (5) found that capillaries as large as 0.3 mm 
(0.01 in.) diam would gradually clog up under the flow of oils and 
would close completely if a small percentage of oleic or stearic 
acid were added to the oil. This clogging was attributed to the 
gradual building up of adsorbed films on the walls of the capil- 
laries. 

In a carefully conducted series of experiments with capillaries 
of approximately the same diameter as those used by Wilson and 
Barnard, Bulkley (6) was able to show that the clogging was due 
to the fact that the oil had not been thoroughly filtered. From 
further experiments with highly filtered oils in fine glass and 
platinum capillaries having diameters of the order of 0.01 mm to 
0.03 mm, Bulkley concluded ‘‘that the thickness of any fixed layer 
adjacent to the walls is not in excess of two or three hundredths 
of a micron, or approximately a millionth of an inch.” Con- 
firming results have been published by Bastow and Bowden (7), 
who conclude from measurements of the flow of liquids between 
optically polished flat plates that no sign of induced rigidity is to 
be detected in liquids at a distance of 1000 A [4(10)~¢ in.] from 
the surface. There are many other reports in the literature 
which form, as pointed out by Bowden (8), “‘a large body of 
tonflicting evidence and opinion as to the range of surface 
forces,’ 

“aun” Manager, Kingsbury Machine Works, Inc. 
* Numbers in parentheses refer to the Bibliography at end of paper. 
Contributed by the Special Research Committee on Lubrication 

and presented at the Annual Meeting, Philadelphia, Pa., December 

+8, 1939, of Tam American Socrety or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
wderstood as individual expressions of their authors, and not those 
of the Society. 
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The present paper reports some of the results of a 4-year study 
of thin films of vegetable and mineral oils conducted in Dr. 
Kingsbury’s laboratory under his direction. Aside from the 
problems of filtration, selection of the proper metal for the test 
surfaces and the preparation of the surfaces, the experimental 
work divided itself into two distinct parts. Part I of this paper 
describes attempts to discover indications of increasing viscosity 
in thin films of oil formed by two plane disks approaching each 
other under loads of the order of 0.20 lb per sq in. with no tangen- 
tial motion. Part II describes experiments with plane surfaces 
approaching under loads up to 800 lb per sq in. with continuous 
relative rotation of the surfaces. It also describes a method of 
measuring the minimum film thickness reached under these con- 
ditions. Experiments reported in part II are extremely simple 
and may be readily reproduced. They add clarity to the results 
of part I and appear to show that steel surfaces have a profound 
influence on the behavior of lubrication films up to thicknesses 
greater than 60 millionths of an inch (0.0015 mm); the thick- 
ness depending somewhat upon the lubricant. These films have 
great mechanical strength and are capable of supporting loads at 
least as great as 800 lb per sq in. Under such loads, the film 
thickness quickly reaches a constant minimum value which re- 
mains unchanged indefinitely even with continuous relative rota- 
tion of the surfaces. 

The influence of the surfaces on the film manifests itself in 
what might be termed “directional rigidity,” a property, which 
to the author’s knowledge, has not been previously observed. As 
mentioned, the condition of constant minimum film thickness is 
indicated by constant torque at a given rpm, provided the rpm 
is above some minimum value. As long as the film is under con- 
tinuous shear at a rate above this minimum, it behaves as a purely 
viscous liquid in the circumferential direction and the torque is 
proportional to the rpm. In the radial direction, however, the 
liquid exhibits remarkable plasticity or rigidity since, under 
heavy loads, it will not flow radially from between the surfaces. 
Building up of an apparently similar rigidity in the circumferen- 
tial direction may be observed by stopping rotation and running 
at infrequent intervals only long enough for a torque observation 
to be made. The torque will increase rapidly at first and then 
more slowly, finally reaching an upper limit within 1 to 3 days. 
This upper limit will be several times greater than the constant 
torque when the film is free from circumferential rigidity. During 
the rigid stage, the film will resist considerable circumferential 
stress without appreciable deformation. If continuous rotation 
is again resumed, the circumferential rigidity will be gradually 
removed; the torque will decrease rapidly at first and then more 
slowly until finally the same constant value is reached when 
rigidity has entirely disappeared, thus indicating no change in 
film thickness. In any particular test this cycle may be repeated 
as often as desired. 

Oils used in the earlier tests were rotated for periods up to 50 hr 
in a clinical centrifuge. A small ultracentrifuge, operating at 
extremely high speeds, was next constructed and used. In the 
later tests the samples of oil were removed by pipette from near 
the centers of containers that had remained undisturbed for 
several months. It may therefore be assumed that the oils 
were used in the same condition as commerically produced. 
Centrifuging of the oils made no apparent difference in test 
results. 
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THEORETICAL 
Formulas for two plane, circular, parallel plates, approaching 
each other under the action of an external force and with the 
space between the plates filled with a viscous liquid, may be 
readily developed from Reynolds’ (9) basic equation 


2 3) = 6u v9 


Geometry of the surfaces is shown in Fig. 1. The notation used is 
as follows: 
a = radius of plane circular plates 
f = shear stress in liquid at surfaces of plates due to 
relative rotation 


a = shear stress in liquid at surfaces of plates due to 
radial pressure flow 
h = film thickness or uniform distance between parallel 
plates 
N = revolutions per unit time of rotating plate 
P = pressure at any point s in film above atmospheric or 
uniform ambient pressure 
r = radial distance from centers of surfaces to point s. 
Rectangular coordinates of s are z, z 
T = torque due to relative rotation of plates 
t = time required for any given decrease in film thickness 
U = 2xrN = linear velocity at s due to relative rotation of 
surfaces 
Uo— U; = relative tangential velocity of surfaces 
Vi = relative normal velocity of surfaces 
Ww = external load acting on surfaces 
m = viscosity of the liquid between the surfaces; as- 
sumed constant and uniform. 
dr 
a 
df 
X 
W 


WOO 


Fie. 1 MATHEMATICAL NotTaTION; PLANE CIRCULAR PLATES 


Since there is no relative tangential velocity of the surfaces 
in the case under consideration, Up — U; = 0; and, since the plates 
are parallel, there is no variation of film thickness; hence, 0h/dz 
= 0. By definition V; = dh/dt; hence Equation [1] reduces to: 


ot _ dh 
oz? dt 
a solution of which is 
3u dh 2 2 2 


The pressures are symmetrical with respect to the centers of 
the plates; hence, the total load W will be four times the inte- 
grated pressure over each quarter. Therefore 


(x? + 2? — a?) dzdz..... 
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Successive integration gives 
dh 
Ww [4] 
3xuat 1 1 
and aw (5] 


the time required for the surfaces to fall from h, to hz. If hy is 
small compared with h,, the initial film thickness may be neglected 
and Equation [5] becomes 


from which 


Equations [5] and [6] were first developed by Stefan (10) in 
his studies of the approach of plane, circular disks separated by 
a viscous liquid. Reynolds’ Equation [1], published 12 years later 
is of great general utility since, in addition to the present case, it 
is also the basis of modern theoretical treatment of plane and 
cylindrical bearings.* 

From (9) the shear stress at the surfaces of the plates, due to 
outward radial flow of the liquid, is 


and this stress will be the same on any radius passing through the 
common axis of the plates. Since z? + z? = r*, we have from 
Equation [2] 


dp _ Ou dh 
dr h dt 
and from Equation [4] 
dh 2h W 
dt 
Substituting in [8] 
2hWw: 
9) 
ra 


the negative sign indicating that the shear stress opposes flow 
from between the surfaces. Since the shear stress is maximum 
whenr =a 


Ie 


The film thickness may also be calculated by rotating one of 
the plates relative to the other at a known rate and measuring the 
required torque. 

Referring to Fig. 1, the frictional drag opposing rotation at the 
differential area 2xrdr is df, and the moment is rdf. If N is ex 
pressed in revolutions per minute, the linear velocity U is 
2xrN/60. Then for a simple Newtonian liquid 


2xuUrdr 


* Reynolds’ original paper contains many misprints, which U2 
fortunately also appear in his ‘‘Collected Papers.’’ His expressi0® 
similar to Equation [5], for the approach of parallel elliptical plates 
should have the coefficient 3/2 instead of 3. 
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and 
The total torque 
T= f rdr 
from which 
2.Na‘ 


At any time during a test Equation [11] may be used as a check 
on Equation [7]. 


EXPERIMENTAL 
I—Tue Disk VIscoMETER 


The disk viscometer, shown in Fig. 2, was constructed to 
measure the rate of approach of two plane disks under conditions 
that would enable a comparison to be made with theory. It con- 
sists essentially of two disks A with plane surfaces and the bal- 
anced beam B, with a micrometer screw C to measure the move- 


| ment of a pin fastened in the end of the beam. The upper plane 


is "/, in. diam and is firmly attached to the upper bar D of the 
rugged steel frame by means of a fitting electrically insulated from 
the frame. The lower plane is */,in.diam and has asteel ball placed 
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so that the lowest point on its surface is located as near as possible 
to the center of gravity of the disk. The ball rests on a plane sup- 
port attached to the beam, thus locating the disk and permitting 
its plane surface to adjust itself to the upper plane. A thin-steel 
cup E is provided to prevent loss of liquid flowing from between 
the approaching surfaces. The beam is supported by the knife- 
edge F. Load is applied by the '/,-lb sliding weight G and may be 
varied by changing the position of the weight. When the weight 
is against the knife-edge fulcrum H, the center of gravity of the 
beam and all its parts is brought as close to the knife-edge as 
possible by adjustments of the counterweights J. The cam K 
is used to raise the loaded end of the beam, thus keeping the sur- 
faces separated until the start of an experiment. 

The micrometer-screw nut is fastened to the upper bar by four 
screws and electrically insulated with sheet mica. A lower nut is 
provided to eliminate lost motion in the screw. The micrometer 
screw is !/, in. diam and carefully cut with 40 threads per in. 
Smooth operation is obtained by lapping the screw and nuts to- 
gether. After assembly, the spindle in the end of the micrometer 
screw was lapped optically flat. A disk L, 5'/; in. diam and gradu- 
ated into 25 equal numbered divisions, is attached to the upper 
end of the micrometer screw. Each division is subdivided into 
tenths and a vernier M is provided for reading to '/19 of each sub- 
division or !/,00,000-in. vertical movement of the screw. The 
distance from the micrometer screw to the knife-edge is 10 times 
greater than the distance from the knife-edge to the center line 
of the plane disks. Each vernier division therefore represents a 
change in film thickness of one millionth of an inch. Contact be- 
tween micrometer and beam is indicated by a milliammeter in a 
circuit closed when the micrometer spindle touches the pin in 
the beam. A similar circuit is provided to indicate contact be- 
tween the plane surfaces. By loosening the frame nut N, the 
upper bar may be swung to one side permitting insertion of the 
lower disk or removal of the beam. 

The viscometer is operated in a wooden box (not shown) 
covered with aluminum foil and heavy paper for heat insulation. 
Curtained inspection windows are fitted in the box and the 
necessary controls are provided for external operation of the 
instrument. The box is electrically heated by coils operated 
through a relay and a differential-expansion thermostat capable 
of holding the temperature constant to within 0.1 F. Vis- 
cometer temperatures are measured by thermometers O located 
in mercury wells in the vertical supports at each end of the 
instrument and also by a thermometer suspended in the atmos- 
phere near the plane surfaces. 

The plane disks were first made of normalized low-carbon steel 
and later a second pair was made of hardened tool steel. The 
surfaces were optically polished and flat to better than one 
millionth of an inch, including the edges. Turned edges were 
avoided by cementing the otherwise finished disk with beeswax 
in a ring about 2'/, in. diam made from the same bar of steel as 
the disk, and finishing the two as a single piece. The turned 
edge will then be on the ring and, if the diametral clearance 
between the disk and ring is of the order of 0.001 in., the plane 
surface of the disk will be continuous to its edge. After cement- 
ing the disks in the rings, the surfaces were ground flat, lapped 
on lead, and finally polished with optical rouge on pitch. Supports 
were then placed under the unpolished sides of the disks and the 
rings gently heated until melting of the beeswax permitted them 
to drop free, leaving the edges of the disks untouched. 

Most of the difficulties encountered in polishing the surfaces 
to the required flatness proved to be simply questions of tech- 
nique; eventually the point was reached where the scratching of 
a pair of surfaces, instead of actually threatening the success of 
the investigation, occasioned merely a relatively short interrup- 
tion in the experimental program. However, researches for a 
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satisfactory metal of which to make the disks were not so success- 
ful. There appears to be no metal which, when polished and ex- 
amined even under low powers of the microscope, will present a 
surface of uniform appearance even remotely approaching that 
of well-polished glass. The metal surfaces invariably contained 
pits or nonmetallic inclusions, iron carbides or traces of manganese 
in the form of gray spots with well-defined but irregular edges. 
At times traces of corrosion were also visible somewhat resembling 
nonmetallic inclusions. No one steel of good enough grade to be 
considered for optical flats is likely to contain all the above flaws, 
but, by the very nature of the constituents of steel and its method 
of production, nonhomogeneous structures are to be expected on 
any plane. Experience finally seemed to indicate that the best 
surfaces were produced by high-speed tool steel or a high-chrome 
tool steel. The chrome steel is corrosion-resistant and will hold 
its shape over long periods of time but it warps badly during the 
hardening process and is somewhat difficult to polish. High- 
speed tool steel gave the most uniform surface of all metals inves- 
tigated, and it was therefore used in the later experiments. 
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After polishing, the disks were prepared by washing with pads 
of absorbent cotton moistened with carbon tetrachloride. When 
all visible traces of contamination had been removed the disks 
were gently rubbed with dry absorbent cotton and finally touched 
with a fine camel’s hair brush to remove any tiny pieces of lint 
left by the cotton or other contamination deposited from the air. 
The disks were then placed in the viscometer and the upper bar 
locked in position. Two carefully cleaned platinum wires ap- 
proximately 0.001 in. diam were placed parallel across the lower 
plane approximately equidistant from its center. The beam was 
gently lowered until the surfaces were separated only by the 
wires. The box was then closed, outside operating attachments 
were connected, and the heat turned on. 

When the temperature had reached the desired constant value, 
a micrometer reading was taken with the wires in place. If the 
diameter of the wires is known, it is then a simple matter to com- 
pute the micrometer zero, which is the micrometer reading when 
the disks are in actual contact. This seems to be the only prac- 
ticable method of determining the zero reading. If the sur- 
faces were brought together without the wires, a false reading 
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would probably result due to possible surface contamination or to 
adsorbed air or moisture films on the surfaces. Attempts to ob- 
tain optical contact of the surfaces by wringing them together 
would doubtless result in scratches and would also introduce 
the problem of separation after the zero reading had been made. 
It is probable that the small-diameter wires cut through any 
adsorbed layers on the surfaces and came into actual contact 
with the metal. Assuming this to happen, it then became neces- 
sary to measure the diameters of the wires in order to establish 
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the micrometer zero. This was done by a filar micrometer used 
with a microscope. Many measurements were made at various 
magnifications with ordinary and monochromatic illumination 
and the wire diameter determined from these measurements. 
Assuming perfect microscopy, however, the limitations of the m- 
croscope would leave the final result open to an uncertainty of the 
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order of !/, wave length of light and this is considerably greater 
than the film thicknesses it had been hoped to investigate. 

After noting the zero reading, the micrometer screw was raised so 
that the beam could be lifted by the cam. The wires were then 
removed and oil introduced between the separated surfaces 
from a pipette. This was done with but slight temperature dis- 
turbance through a hole in the top of the box. When the tem- 
perature had again reached the constant value, the time was 
noted, the cam moved from beneath the beam, and the surfaces 
began to approach. 7 

Observed rates of approach of the planes are compared with 
theory in Fig. 3 for the case of castor oil, and for olive oil and DTE 
light in Figs. 4 and 5, respectively. Calculations of rates of fall 
are based on the known bulk viscosities of the three oils and are 
shown by the broken lines. In general, the observed rates of ap- 
proach are a fair approximation to theory but excepting the ex- 
periments with castor oil the film thicknesses at the end of 1 to 
2 hr are found to be considerably greater than the calculated 
values. Satisfactory duplication of tests was found impossible, 
even though the lubricants were carefully centrifuged before us- 
ing. After 8 hr, little if any reduction was observed in film thick- 
ness and, at the end of 24 hr, the film thickness was invariably 
found to have increased slightly above the reading at 8 hr. It is 
interesting to note that after a few hours the measured film thick- 
nesses were of the same order regardless of the differences in bulk 
viscosities of the oils. Apparently the films were not behaving 
strictly according to theory. The probable causes of these dis- 
crepancies will appear from the results described under part II. 

It was also observed that, when the films reached a thickness 
of approximately (10)~‘ in., they began to show indications of 
carrying current under a voltage of 0.025 volts. At thicknesses 
of about 60 (10)~¢ in., the resistance of the film had dropped to 
the point where it carried small currents as readily as the copper 
wire of the circuit, that is, the ammeter showed the same current 
flowing with and without the film in the circuit. 

With loads of about 0.2 lb per sq in., the final film thicknesses 
were of the order of 30 to 40 millionths of an inch, subject to er- 
rors of approximately 10 millionths of an inch. Because of this 
high percentage of uncertainty, these figures are not entirely 
satisfactory. Nevertheless the above experiments indicate that 
there is some limiting film thickness reached by plane surfaces 
approaching under load. The limits of boundary lubrication 
placed by Hardy are considerably greater than those observed in 
the foregoing experiments. 


II—Continvovus Rotation 


It is obvious from the results cited that loads much greater than 
afraction of a lb per sq in. are required to bring the surfaces to 
within a few millionths of an inch of actual contact. The ap- 
paratus shown in Fig. 6 was therefore constructed and mounted 
in the same drill press used with the tapered-plug viscometer and 
the journal-bearing testing machine (11, 12). The lower disk 
A is located by the fitting B, and held against rotation by a set 
xrew. This assembly is located by the ball bearing C and sup- 
ported by the torsion rod D. Angular twist of D, measured by a 
graduated curved scale EZ, gives an accurate measure of the 
torque, due to rotation of the upper disk A’. The torsion rod is 
upported against buckling by a split bushing F set in a ball bear- 
ing to avoid binding at the support. The torque-indicating arm 
scounterbalanced by the weight G and vibrations of the arm are 
damped by a pan of oil H. At extremely low speeds, the move- 
ment of the indicating arm may be very small; hence a micro- 
“ope has been found convenient for detecting minute deflections. 
The upper disk is held central and rotated by the sleeve J, the 
tore of which has been lapped to a close sliding fit on the spindle 
KR. Load is applied by compression of the spring L which is held 
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central by the plunger M. The lower surface of the plunger is 
hardened and ground flat to form a contact surface for the hard- 
ened conical point of the disk support N, thus providing for ad- 
justment of the upper disk. Both plane disks are supported on 
annular rings, turned on the backs of the supports. Assuming 
a parabolic pressure distribution in the oil film, the diameter of 
the ring is such as to provide support at a point directly under 
the center of gravity of each radial half section of the parabola. 
The spindle K is fitted into the drill-press spindle in the usual 
manner and electrically insulated by paper. 

The drill press is driven by a 7!/2-hp, 1200-rpm synchronous 
motor through a chain-and-change-gear transmission. Friction 
clutches are provided for starting, stopping, and reversing. An 
independent drive for low speeds is furnished by a small syn- 
chronous motor through a speed reducer. Speeds as low as 
0.0016 rpm are thus obtained. The loading springs were cali- 
brated in position and the spindle graduated at the top of the 
sleeve. A spring is provided to cover the range up to 100 lb per 
sq in.; a second spring is used for loads from 100 to 400 lb per 
sq in.; and the heaviest spring possible with the present ee 
gives loads up to 800 lb per sq in. 

The hardened plane disks, */,-in. diam, were prepared as pre- 
viously described, except that the final polish was made on lead 
instead of pitch. After cleaning, they were covered with a heavy 
film of oil, placed in the machine, and brought together until the 
oil formed a single film approximately !/i,in. thick. At zero time, 
rotation was begun and load applied. Almost immediately most 
of the oil was pressed from between the surfaces, forming a thick 
ring around the edge of the film as shown in Fig. 7; thus protect- 
ing the film from external contamination. The meniscus of this 
ring introduced a slight negative pressure at the edge of the film. 

Assuming that the plane disks remain coaxial, it may be as- 
sumed that the rate of approach is independent of relative rota- 
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tion. A test was therefore made with olive oil at a load of 100 
lb per sq in. with the upper surface continuously rotating at 11.06 
rpm. Results of the test are shown in Fig. 8. The broken line 
represents torque calculated on the basis that the planes are ap- 
proaching at the rate indicated by Equation [7], and the circled 
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points are actual torque observations. During the first 8 min, 
over the range OA, the observed torque agrees with theory. This 
indicates that, while the film is relatively thick, the rate of ap- 
proach is the same as calculated. It is interesting to note, how- 
ever, that after 16 min the torque becomes constant over the range 
BC, showing that the film thickness has reached a minimum value 
and approach of the surfaces has ceased. If rotation is stopped 
at time ¢, and resumed at stated intervals only long enough to 
take a torque observation, it will be found that the torque is 
progressively increasing. After rotation has been stopped for 
some time, it will also be found that a slight angular movement 
of the upper test surface will move the torque indicator from zero 
and it will not return, thus showing rigidity in the film. That the 
rigidity increases is shown by the continuous increase in torque 
with time over the range CD. If at time &, continuous rotation 
is resumed, the torque will drop rapidly at first and then more 
slowly until the previous constant value is reached at E. Rota- 
tion may be continued indefinitely over the range EF with no 
variation in torque, unless there is a change in film viscosity, due 
to variation of room temperature. 

Fig. 9 shows the results of a continuous run of 52 hr with olive 
oil at 11.06 rpm and 40 lb per sq in. load, followed by periods of 
building up and removal of rigidity. Observations of torque 
versus speed at any time during the constant-torque period fall 
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on a straight line passing through the origin, provided the speed 
range is low enough to avoid frictional heating of the film. Fig. 
10 shows such a curve taken at 50 hr in the test shown by Fig. 9. 
When rigidity has not been entirely removed by rotation, the 
torque-speed curve may be a straight line or a curve which, at 
zero speed, gives a value of torque proportional to the rigidity. It 
is obvious that torque observations with rigidity present will not 
be consistent since shear reduces rigidity, thus reducing the 
torque. There is, however, some minimum speed below which 
rigidity will not be entirely removed. * No attempts were made 
to discover this limiting speed, but it was observed with olive oil 
at 40 lb per sq in. load that rigidity would build up very slowly 
indeed at 0.9 rpm. 

After these tests the surfaces appeared to be exactly the same 
as at the start. There were no traces of scratching or metallic 
contact even at high magnifications. The first indication that 
the film will carry small electrical currents occurs at calculated 
film thicknesses of about (10)~‘ in. Before constant-torque con- 
ditions are reached, the circuit with the film in series carries the 
same current as when the film is short circuited by a copper wire. 
Rigidity does not appear to influence the resistance of the film. 
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Previous reference has been made to the excess oil from the 
very thick starting film, flowing out under the applied load and 
forming a seal around the edge of the film. The meniscus of this 
seal is in such direction as to cause a slight tension at the edge 
the film. This is of little importance except to point out thst 
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there is no pressure restricting flow; in fact, the results are the 
same if all excess oil is removed. 

To measure the final film thickness a *#/3:-in-diam pin with a 
spherical babbitt tip was fitted into a hole in the lower disk, as 
shown in Fig. 11. The descending upper plane forces the pin 
into the hole and the height of its tip above the lower plane is 
measured after the test by counting the interference fringes (13) 
between the surface and a small optical flat in intimate contact 
with an edge of the plane surface and the pin. Film thicknesses 
thus measured after tests with several oils at loads up to 800 lb 
per sq in. are shown in Fig. 12. For example, with Atlantic super- 
heat cylinder oil and a load of 300 lb per sq in., the torque reached 
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steady condition one hour after the load was applied and re- 
nained constant during the next hour. The test was then discon- 
tinued, the surfaces separated, washed with carbon tetrachloride 
ind finally with alcohol. The optical flat showed the central pin to 
% 44(10)-6 in. high and this is the final constant film thickness 
winder the test conditions. From the known bulk viscosity of 
the oil and the observed torque, the calculated film thickness 
‘rom Equation [11] is found to be 8.8(10)~* in. Variation of speed 
tows the torque to be directly proportional to the speed and 
there is no rigidity in the film in the direction of motion as long 
rotation is continued. The lubricant is therefore behaving as 
‘purely viscous fluid in so far as the direction of rotation is con- 
“med. From the observed torque and the measured film thick- 
uss, the effective viscosity in the direction of motion has been in- 
teased 44/8.8 or five times the ordinary bulk viscosity. In the 
‘dial direction, however, the effective viscosity has been ap- 
barently increased to infinity, since no oil will flow from the film 
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44(10)-* in. in thickness supporting a load of 300 lb per sq in. 
This may be explained by the fact that rigidity will build up un- 
less the rate of shear is above some critical value. The speed of 
rotation is sufficient to prevent the formation of rigidity in the 
direction of motion except perhaps to a small distance from the 
center. The rate of shear in the radial direction, however, is 
due to radial oil flow only and this decreases as the surfaces 
approach. Apparently when the rate of shear in the radial 
direction falls below the critical value, rigidity rapidly builds up, 
thus stopping further radial flow from the film. The surfaces 
are therefore unable to approach and a minimum film thickness 
is established. 

Preparations for the foregoing tests were made under ordinary 
room conditions; hence, we may not exclude the possibility of 
contamination from the atmosphere. It is also probable that the 
commercial lubricants used were not chemically clean. A mass of 
particles of undefined nature would hold the surfaces apart, but 
the experimental evidence is against this possibility. If the par- 
ticles were hard enough to hold the surfaces a definite distance 
apart the intensity of pressure on the larger particles undoubtedly 
would be great enough to cause scratching. If the particles were 
soft enough to change shape under load, they would also be ex- 
pected to break down under continuous motion and permit closer 
approach of the surfaces. This would be evidenced by increasing 
torque. The presence of particles would also tend to increase 
friction to values well above those observed. Probably the most 
convincing argument against surface separation by foreign parti- 
cles is the fact that, immediately after rotation has ceased and 
before rigidity has become appreciable, if the torque indicator is 
moved from its zero position, it will immediately spring back. This 
would be impossible if the surfaces were separated by particles 
under sufficient pressure to support the load. It seems beyond 
question that the surfaces are not held apart by particles in the 
film and any particles present must be smaller than the distance 
between the surfaces. 

The fact that time is required to build up rigidity in the film 
and time is also required to remove it by motion suggests molecu- 
lar rearrangements in the film. In such cases, it is reasonable 
to expect that both building-up and tearing-down actions would 
be rapid at first and then proceed more slowly as constant condi- 
tions are approached. Torque observations indicate that some 
such phenomenon actually occurs. It would also be expected 
that the building up and removal of rigidity would be more rapid 
in the less viscous fluids where molecular motion is more free. 
This is also observed to be the case. But the less viscous the 
oil the thinner the film under a given load, and presumably sur- 
face influence would become more pronounced as the film thick- 
ness is reduced. 

Referring again to Fig. 12, the calculated values of film thick- 
ness were based on the known bulk viscosity of the oil and the 
constant torque along the range BC or EF of the curve in Fig. 8. 
At loads up to 350 lb per sq in., constant-torque conditions with 
olive oil were reached in which the friction coefficients were of 
the order of 0.007. At loads above 350 lb per sq in. with olive 
oil, and above 100 lb per sq in. with DTE light, no constant- 
torque conditions could be found. For the first few minutes of 
the test, the torque followed the theoretical law and then gradu- 
ally increased to comparatively high values where it remained un- 
steady, fluctuating between values giving friction coefficients from 
0.15 to 0.30. Measured film thicknesses under these conditions, 
however, fell on a smooth curve consistent with previous measure- 
ments at lower loads and constant-torque conditions. It is in- 
teresting to note that lard oil, which has about the same viscosity 
as olive oil, carried a load of 800 lb per sq in. under constant- 
torque conditions. Oleic acid and a mineral oil of somewhat 
higher viscosity than DTE light also carried the 800-lb per sq in. 
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load under constant-torque conditions. This is also true of white 
Russian mineral oil, the latter presumably nonpolar. Addition of 
2 per cent of an ester of phosphoric acid to the above mineral oil 
made no difference whatever in torque or final film thickness. 
Upon separation of the surfaces after a test under constant- 
torque conditions, the residual films appeared to be evenly spread 
over the entire area and of variable color depending somewhat 
upon the angle of view. Immediately after separation, castor- 
and olive-oil films showed the effects of surface tension by draw- 
ing up into tiny circular droplets. These arranged themselves in 
a geometrical pattern not unlike honeycomb but lacking its 
regularity of shape. About 10 min were required for the com- 
plete formation of the pattern. The final appearance was that 
of a piece of spider web dropped over the surface. Russian 
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mineral oil and lard oil displayed similar tendencies. The pat- 
tern formed by oleic-acid film was much finer than the others 
and much more rapidly arranged. The commercial mineral 
lubricating oils showed no similar tendencies; the residual films 
remaining fixed in the presence of air and thoroughly wetting the 
surfaces. 

In tests with olive oil at the heavier loads, where no constant- 
torque conditions could be found, the forces set up by rotation 
were strong enough to tear the films away from the surfaces and 
break them up into tiny white fragments. These fragments were 
so small that in some cases the separated surfaces had the ap- 
pearance of being streaked with paraffin wax. At high magni- 
fication, the tiny white fragments were seen to be spots of oil 
exhibiting characteristic color fringes at their edges, but instead 
of being spherical segments like the droplets formed by surface 
tension, they were of irregular shapes with three to eight sides. 
Generally some round droplets were also present. Even though 
the film had broken up, the surfaces invariably showed no signs of 
scratching or wear. Apparently metallic contact had not occurred 
even though the friction coefficients were as high as would be ex- 
pected with unlubricated surfaces. Similar tests with DTE light 
mineral oil generally resulted in faintly scratched surfaces or 
circular bands visible because of a higher polish than the re- 
mainder of the surfaces. Apparently the mineral oil was not as 
clean as the olive oil and the particles present were hard enough 
to scratch in the former case and soft enough to give a polishing 
effect in the latter. The films showed no tendency to break away 
from the metal as in the case with the olive oil. 

Since the ordinary bulk viscosities of castor oil and Valvoline 
AAX are closely the same at the test temperature, and the meas- 
ured film thicknesses are about the same, it would be expected 
that the same torque would be found at the same loads and speeds 
with the two oils. From Fig. 13 this is seen to be true at low 


loads but, as the load is increased, the mineral oil gives greater 
friction than castor oil. At 800 lb per sq in. the friction with the 
mineral oil is approximately 27 per cent above that with castor 
oil. Increased viscosity due to film pressure (12) would account 
for about 8 per cent greater friction with the mineral oil. Cor- 
rections have been made for the slight differences in room tem- 
perature at which the various tests were made. 


Discussion AND CONCLUSION 


Results of part I indicate that under very light loads a mini- 
mum film thickness is reached which is about 30 to 40 millionths 
of aninch. The order of these measurements is substantiated 
by the direct measurement at heavier loads described in part II. 
It now appears that the apparent increase in film thickness 
observed overnight in part I might possibly be due to the build- 
ing up of film rigidity. From the results of part I, it appears 
that, at film thicknesses of about (10)~‘ in., the electrical re- 
sistivity of the film began to decrease. At thicknesses of about 
60(10)-* in. the film carried small currents as readily as the 
copper wire in the circuit. This also agrees with similar ob- 
servations in part II. 

The comparatively simple technique of the experiments de- 
scribed in part II and the ease with which results may be re- 
produced, offer an attractive method for further study of friction 
in thin films. The method is free from the complications and 
uncertainties introduced by abrasion and wear. An improved 
method of measuring film thickness is desirable. 

It has been shown that, when two optically smooth plane steel 
surfaces are brought together in the presence of oil in such man- 
ner that the formation of a parallel film is possible, the distance 
between the surfaces will reach some definite minimum value 
depending upon the viscosity of the oil and the external force 
acting upon the surfaces. At room temperature, with surfaces 
7/, in. diam, this minimum film thickness varies from about 
30(10)~¢ in. with olive oil to about 60(10)~* in. with a heavy 
cylinder oil. The minimum film thickness is not greatly changed 
by loads up to 800 lb per sq in. of surface area. 

The nature of this separating film is not known but experi- 
mental evidence indicates that the proximity of the metal sur- 
faces has a profound influence upon the forces normally acting be- 


tween the molecules of the liquid. This gives the film a high de- | 


gree of mechanical stability, as evidenced by its ability to support 


considerable load without radial flow. The film also assumes the | 


curious property of directional rigidity which seems to depend 
upon the direction, rate, and duration of shear. 

At the present time there is no direct experimental evidence 
that rigidity is due to oriented molecules. But the rate at which 
rigidity builds up and the rate at which it is removed by shear 
points to the possibility of molecular rearrangement. If molecular 
orientation is due to surface influence it would be expected that 
the plane of least influence would be midway between the sur 
faces. The molecules at the center would be the first dislodged 
by shear thus causing a rapid reduction in friction. Resistance 
to dislodgment would increase with each molecular layer re 
moved since the orientating forces would become stronger 4 
the surfaces are approached. This would be evidenced by a de 
crease in the rate of torque reduction. Eventually a level would 
be reached where the orientating forces holding the molecules !2 
place would be sufficiently strong to balance the shearing forces 
and dislodgment of molecules would cease; hence, the observed 
condition of constant torque at calculated film thicknesses wel 
below the actual distances between the surfaces. 

From the foregoing may be visualized a film composed of § 
fixed layer or layers of molecules firmly attached to each surface, 
and a central layer in which the molecules are kept free of SU 
face influence by continuous shear. The central layer is ther 
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fore in the same molecular state as the liquid in bulk as far as 
the circumferential direction is concerned. Direct experimental 
proof of the existence of rigidity in the radial direction is lacking. 
But the fact is that, if the liquid in the central part of the 
film is free, as indicated by absence of circumferential rigidity, it 
does not flow radially under the external load. Hence, there 
must be some restraining radial force. 

It was found that at loads above 350 lb per sq in. with olive 
oil and above 100 lb per sq in. with DTE light, no constant low- 
torque conditions could be established at 11.06 rpm. It would 
be interesting to investigate the effect of speed on these limiting 
loads. In fact, an explanation of the breaking up of films under 
loads too great to permit constant low-torque conditions would 
be most interesting indeed. 

Liquids other than lubricants should be investigated for film- 
forming characteristics. Olive oil and DTE light should be 
highly filtered and the experiments repeated. Filtering should 
be done by the methods employed by Bulkley and also by cen- 
trifugal methods, since there is a possibility that Bulkley’s 
methods might remove the components responsible for rigidity. 
It would also be interesting to discover if the diameter of the plane 
surfaces has any influence on final film thickness. 

Finally, a study of polished metal surfaces would undoubtedly 
result in improved methods of producing smoother and truer 
finishes. 
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Discussion 


C. H. Brerpaum.' After reading the paper, the thought seems 
to persist that the oils tested were oxidized, at least so in a 
limited degree and that, therefore, the researches of Langmuir® 
seem to have a direct bearing. His findings are that the oil 
molecules are columnar in form and that, in the oxidizing proc- 
ess, one end remains hydrophobic and the other end to which the 
oxygen is attached becomes hydrophilic or metallophilic, so 
that these molecules will orient themselves perpendicularly 
upon a metal surface. 

It was the writer’s observation that by oxidizing an ordinary 
motor oil by bubbling pure dry air through it at the temperature 
of boiling water, for say 2 hr, the ultimate load-carrying capacity 
of this oil was increased by more than 4000 lb per sq in. of pro- 
jected bearing area. This effect seems entirely due to the in- 
creased tenacity with which the oriented oil molecules attached 
themselves to the metal surfaces, an adsorbed effect. 

Oils oxidized in the foregoing manner have a distinctly cor- 
rosive® action, in varying degrees, upon the different metals 
ordinarily used for bearing purposes. It seems safe to assume 
that the chemical affinity of such modified oils is greater for the 
more corrosive materials than for the less corrosive; as an illus- 
tration, silver, a more noble metal, is not corroded in this manner, 
which is one reason why in the pure state it has not given a better 
account of itself for bearing purposes. 

Fortunately, it has been found that the full benefit of this 
oxidizing of oils can be taken advantage of without having the 
deleterious corrosive effect and, at the same time, be made into 
a positive inhibitor of corrosion, by the elimination of the cor- 
rosive by-product. 

It would be interesting to know whether any oxidized oil mole- 
cules were present in the tests described in the paper; espe- 
cially so with the mineral oils, since “the residual film remained 
fixed in the presence of air and thoroughly wetted the surfaces.” 
Very interesting results can be expected in future tests with dif- 
ferent materials for the two bearing surfaces. 

The electrical conductivity of the film seems in keeping with 
the experience in the breaking down of polarized oil in electric 
transformers, a strong suggestion that oxidized molecules were 
present. 

The fact that the addition of 2 per cent of ester of phosphoric 
acid had no effect either on the torque or film thickness in the 
experiments described seems in itself unaccountable, except for 
the possible presence of an oxidized oil film. The results seem 
to show that boundary film lubrication may be divorced com- 
pletely from the properties of the lubricant as a whole. 

High-power photomicrographs of the bearing surfaces before 
and after the tests would have been desirable. 

Mr. Needs is certainly to be congratulated upon the accuracy 
and refinement of his tests. His paper shows distinct progress 
on the subject of lubrication. 


L. J. Braprorp.? The explanation advanced by the author 
for the difference between the calculated and measured film 
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thicknesses shown in Fig. 12 of the paper is attractive, but not 
wholly convincing. We should expect the extent to which the 
molecules were detached from their static positions to be de- 
pendent upon the force with which they were held, and upon the 
distorting force applied to them. This latter will in turn be 
proportional to the rate of shear at the boundaries of the active 
portion of the film. If we assume that the viscosity of the oil in 
the active portion is the same as that of the oil in bulk, we may 
then take the distorting force as inversely proportional to the 
ordinates of the curves of calculated film thickness. It would be 
greatest at heavy loads and least at light loads. We should, 
therefore, expect the static, oriented portions to be thickest at 
the light loads and thinnest at the heavy. 

An examination of the curves shows that this is true. The 
difference between the measured and calculated thicknesses, 
which we may take as representing twice the thickness of the 
oriented, static layer, is greatest at the light loads and least at 
the heavy. We should, however, expect the orientation to be 
more vigorous with a substance which is decidedly unsymmetrical 
in molecular structure, than one with greater symmetry. 

The observations recorded in Fig. 12, do not sustain this 
expectation, for curves for Valvoline, a mineral oil and castor oil 
are almost identical, while that for Atlantic superheat cylinder 
oil shows a markedly greater difference between the measured and 
calculated thicknesses. Apparently viscosity is still associated 
in some way with these phenomena. 

Figs. 8 and 9, showing marked increases in the torque if the 
apparatus is allowed to stand, suggest that the orientation takes 
time to form, but that it breaks down quite rapidly. 

F, J. Villforth and the writer repeated the stop-and-start ex- 
periments, using a tapered-plug viscometer and olive oil. 
Clearances much greater than those mentioned in the paper were 
employed, in order to get some idea of the distance to which 
these surface effects were felt. 

With a clearance of 0.0055 in. an increase in torque of about 
10 per cent was found when the apparatus was allowed to stand 
for several hours. When the clearance was reduced to 0.0033 
in. the increase was found to be about 20 per cent. A further 
reduction to 0.00164 in. raised the increase to about 25 per cent. 
These results were obtained with rates of shear of 786, 978, and 
1950 reciprocal sec, respectively. There was also some indica- 
tion that after a rest the torque first increased and then de- 
creased to a value below that at the start. 

If the foregoing results can be validated by subsequent and 
more extensive experimental work, they would indicate that 
surface effects extend to distances which are truly enormous in 
terms of molecular dimensions. 


Ronatp BuLkiey.* The methods of test described in this 
paper are refreshingly novel and possess great possibilities for the 
further elucidation of thin-film phenomena. In attacking re- 
lated problems in the past, several investigators have drawn con- 
clusions regarding the nature of liquid films as close as a few 
millionths of an inch to a solid wall, but in most cases their actual 
experiments have been made on films whose thickness has been 
perhaps 200 times this amount. Now, the author has been able 
to work with actual films only 0.00002 or 0.00003 in. in thickness 
and truly this is a great stride forward in the art of thin-fiim 
experimentation. His conclusions, however, are not in accord 
either with classical theory or with the conclusions of several 
previous experimenters in the field. 

The concept of long-range forces which increase the viscosity 
of liquids out to distances of 0.0001 in. or more was championed 
15 or 20 years ago by Sir Wm. B. Hardy. In 1922, Wilson and 
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Barnard published experiments purporting to show that oily 
liquids of polar characteristics, e.g., oleic acid, could be solidified 
by these forces clear out to distances of 0.005 or 0.006 in. from a 
solid wall. For 8 or 10 years these results were accepted and 
widely quoted by many lubrication engineers. Orthodox physi- 
cists and chemists pointed out, however, that on the basis of 
their theoretical calculations, molecular influence can extend 
outward to not more than about 0.0000005 in. 

In 1931, the writer repeated Wilson and Barnard’s experi- 
ments and discovered that the clogging of capillaries which they 
attributed to solidification of the liquid was due to lint and foreign 
matter in the oil. In the same year two of Hardy’s own stu- 
dents, Bastow and Bowden, published a paper,® giving the same 
explanation for Hardy’s anomalous long-range results, namely, 
dust and lint in the liquid. In a paper 2 or 3 years later, the 
same men described viscosity experiments conducted in an ap- 
paratus not too different from the author’s disk viscometer. 
These experiments completely confirmed the writer’s earlier 
work, indicating, as he had claimed, that no rigid layer existed 
on a solid wall out to distances greater than 0.000001 or 0.000002 
in. 

It is difficult indeed to reconcile these results with those now 
found by the author. Another difficulty arises from the fact 
that even Hardy and Wilson and Barnard did not postulate or find 
any orientating influence for ordinary hydrocarbons or pure 
petroleum oils, but only for polar materials or materials possess- 
ing good oiliness, such as lard oil or oleic acid. The author, 
however, finds just as pronounced an effect for a mineral oil as 
for castor oil and olive oil. 

Moreover, his conclusions do not seem always to be justified 
by the data he presents. For example, of the 12 runs he made 
on 8 oils in the disk viscometer, 5 agreed closely with the theoreti- 
cal curves. The other 7 were wide of the theoretical curves and 
the author notes as a general comment that “‘satisfactory dupli- 
cation of tests was found impossible.”” Yet notwithstanding the 
narrow margin between the number of curves which did and 
those which did not agree with theory he concludes, contrary to 
theory, that “the above experiments indicate that there is some 
limiting film thickness reached by plane surfaces approaching 
under load.” He places the thickness of the limiting film 
reached under these conditions at about 0.00003 or 0.00004 in. 

In the second viscometer, much higher loads are used and the 
limiting film thickness is, therefore, reached in a much shorter 
time. The thickness of the film, however, is substantially the 
same as in the first viscometer, notwithstanding the fact that the 
loads may be some 4000 times as great. It is hard to imagine 
what kind of material the oil has been converted into in this 
relatively thick layer to permit the layer to remain as thick 
under 800 lb per sq in. attempting to squeeze the oil out as under 
only 0.2 Ib per sq in. The picture the author draws calls for the 
intensification of viscosity to be greatest at the wall where the 
forces are greatest and to diminish as the distance from the 
wall is increased until at last out in mid-stream, 0.000015 or 
0.00002 in. away, the viscosity is the normal bulk viscosity. 
Would we not expect heavy loads to squeeze out more of these 
partially solidified layers than light loads and thus to give 4 
thinner film? Maybe we could not expect the light load to give 
a film 4000 times as thick as the load which is 4000 times as great, 
but should we not expect the film under the light load to be, say, 

1000 times as thick or maybe 100 times as thick or at least 10 
times as thick? In the author’s experiments, the films are of the 
same thickness regardless of load. This seems to suggest some 
limitation, not yet discovered, inherent in his apparatus or method 

* “On the Contact of Smooth Surfaces,” by S. H. Bastow and F. 
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of experimentation which leads him to erroneous conclusions. 

Failing, to date, to find any such limiting conditions, the 
author’s only other recourse, naturally, has been to invent a 
new concept to explain his data. This has taken the form of a 
layer of material some 500 or 1000 molecular lengths in thickness 
which possesses the surprising property of being a solid in one 
direction and a simple viscous liquid at the same time in another 
direction. 

Regarding this revolutionary concept of directional rigidity, 
it should be observed that every investigator has a right to invent 
new concepts when his data are incapable of explanation in 
terms of old concepts. The author has found it necessary to 
invent the concept of directional rigidity in liquids which up till 
now have been regarded as possessing uniform properties in all 
directions. Until some one can explain his results in a more 
simple or more conventional manner his new concept must 
stand. 


J. R. Conneuty.’ The first part of this discussion will deal 
with specific matters mentioned in the paper and the second will 
be a brief statement concerning some of the larger questions in 
the field in which this investigation exists. In the course of the 
writer’s comments some questions will be raised that cannot be 
answered and some techniques of the author questioned where an 
improvement cannot be suggested at present. The specific 
discussion follows: 

1 The method of indicating contact between the micrometer 
and the beam is open to question because of the possible un- 
evaluated constant and variable errors. The writer and his 
associates have struggled with this problem for some years and 
do not feel they have a satisfactory solution, although this 
method has been tried. 

2 Which results were obtained using normalized low-carbon 
steel and which using hardened tool steel? It is often contended 
that a low-carbon steel, work-polished against a soft bearing, 
will react differently from a hardened tool steel which is not work- 
plished. It seems that some future investigation by this 
method should endeavor to compare a work-polished (probably 
burnished is a better term) low-carbon steel with a hardened tool 
steel. It might also be worth while to prepare two highly 
plished flat glass disks, since the surfaces exposed would not 
furnish recesses for the lubricant. 

3 In the section devoted to disk-viscometer experiments the 
wthor mentions that “‘satisfactory duplication of results was 
found impossible.” For the castor oil, the variability of results 
is explainable and, for the olive oil, the extreme variation of one 
determination is more of quantity than kind. However, in the 
tase of the DTE light mineral oil, it may be said that agreeing 
data are definitely in the minority. It raises the question of 
vhether all the variables are under even approximate control. 

4 In Fig. 10, the author shows a plot of torque taken during 
the constant-torque period, against rpm. In discussing this 
plot, the statement is made that the relation is a straight line 
passing through the origin, provided the speed range is low 
tough to avoid frictional heating of the film. Now the writer 
does not wish to contend whether the relation is a straight line or 
tot but to infer that a rotative speed of 100 rpm does not 
produce frictional heating of the oil film seems far-fetched indeed. 
Some other explanation would be more satisfactory. 

In discussing the method used in the investigation, the author 
tates that it “is free from the complications and uncertainties 
utroduced by abrasion and wear.” This statement is true as 
it as it goes, but to it could be correctly added, “and gives no 
tformation on abrasion and wear.” 
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It would seem that our knowledge has advanced to a state 
where we can recognize a number of different classes of condi- 
tions in bearing operation, as follows: 

Class A dry rubbing contact, resulting in reduction of contact 
surfaces (abrasion). 

Class B rubbing contact in the presence of a lubricant, result- 
ing in reduction of contact surfaces (wear). 

Class C relatively thin film separating the surfaces (present 
paper). 

Class D relatively thick film separating the surfaces (hydro- 
dynamic theory). 

The term boundary film or boundary lubrication would seem 
to apply to both classes B and C in the sense that they are inter- 
mediate between dry-rubbing and thick-film lubrication. For 
purposes of study it would seem wise, however, to keep these 
classes separate in our thinking since the variables give evidence 
of being quite different. 


M. D. Hersey.'! While a variety of new phenomena are 
reported in these experiments, they can be harmonized some- 
what by noticing the close analogy which they bear to the more 
familiar phenomena of plastic deformation in everyday tests of 
greases, and many other types of plastic material, particularly 
materials that are strongly thixotropic. This analogy might be 
made more complete if the author could supply a typical curve for 
torque against speed, taken during the recovery period after 
rigidity has set in. 

It would seem that the possibility has not been entirely ruled 
out that the observations may, in part, be explained as due to a 
slight degree of plasticity caused by suspended particles; not 
necessarily foreign particles. Such plasticity might be present 
in commercial oils without becoming noticeable until the film is 
sufficiently thin. 

Two experiments might be suggested for the future: (1) Repeti- 
tion of some of the rotation tests, substituting annular surfaces 
to simplify the mathematical analysis; and (2) observations of 
thixotropy of any convenient plastic material in bulk to see if 
the properties in one direction are influenced by motion at right 
angles. 


G. B. Kareuirz.'"* The work reported in this paper is so 
extraordinary that one is tempted to look for signs of experi- 
mental error. It seems, however, that none of the measurements 
or techniques can be objected to. Yet it is difficult to believe that 
the influence of steel on oil molecules would penetrate to a depth 
of 0.00002 to 0.00003 in. It would mean that the effect of the 
contact surface may be felt at a distance of 200 to 500 molecular 
dimensions from the steel surface. In a number of experimental 
bearings, such as tested by McKee at the Bureau of Standards, 
the minimum film thickness was of the order considered in the 
paper, 40 X 10-* to 60 X 10-* in. It appears that these bear- 
ings should have shown a high coefficient of friction, but they did 
not. It may be that the agitation in an actual bearing, together 
with higher speed, would prevent the stratification of the lubri- 
cant into an orientated layer. 

If the orientation of the molecules extends that far into the 
film, the several layers near the metal surface must be lined up 
rather well. It should then be comparatively easy to detect 
this quasi-crystalline structure by X rays, if pyrex-glass disks are 
used instead of steel. Reasonably flat disks could be pressed 
together, with an oil film trapped between them and a pencil of 
X rays played through the assembly. Of course, it may be that 
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glass does not produce the same orientation as does steel. A 
number of observations with techniques different from that used 
by the author would be required before the existence of direc- 
tional rigidity could be accepted. This is said not to minimize 
in any way the importance of the contribution but rather to 
emphasize the significance of the report. 

The low electrical resistance of the film is also very disturbing. 
It is very unusual that a film 10~‘ in. thick and only a fraction of 
a square inch in area, should pass a detectable electric current 
with an imposed voltage of 25 mv. 

One can only hope that this investigation will be followed up 
by other experimenters who will have the opportunity to study 
the physics of a thin oil film. The painstaking manner in which 
the work was performed and reported by the author speaks for 
itself and adds further credit to the laboratory of Dr. A. Kings- 
bury. 


Metvin Mooney." Regardless of what the explanation may 
be for the formation of a stable thin film of oil, the facts established 
in the author’s experiments are of fundamental importance in 
problems of lubrication. The explanation given for the facts 
observed is not very convincing. The data can readily be ex- 
plained on the assumption of a layer of foreign particles between 
the parallel plates. Such particles would not be eliminated by 
centrifuging if they have approximately the same density as the 
oil. When the upper plate is rotated, the particles roll and form 
effectively a ball or roller bearing. If they are irregular in shape 
or slightly compressible, they would tend to increase the separa- 
tion between the plates when the upper plate is rotated at a 
fixed pressure. This appears to be in agreement with the experi- 
mental facts. (The data on this point are not quite conclusive, 
for they require an extrapolation of the thickness-pressure curves 
under rotation back to 0.2 lb per sq in. pressure.) On the other 
hand, if the strength and rigidity of the final film depend upon a 
special arrangement of the molecules of the oil, it would be antici- 
pated that the shearing action, when the plates are rotated, 
would disturb the arrangement and cause a decrease in the thick- 
ness of the film. This is contrary to the observed facts. The 
rigidity to rotation developed on standing may be ascribed to 
yielding and flattening of the foreign particles. 

The difficulty of reconciling the author’s explanation of his 
own experiments with the results obtained by Bulkley with fine 
capillary tubes is suggested but not discussed by the author. 

It is to be hoped that the work with the parallel plates will be 
continued as planned. There is a variation in the experimental 
procedure which might be adopted to determine definitely 
whether the rigidity of the film is due to properties of the oil 
itself or to fine particles suspended in the oil. The variation 
here suggested is that one of the test plates be drilled through its 
center. Then, after a stable film has been produced, it would be 
possible to test whether oil under pressure can be forced through 
the central hole and out between the two plates. If so, the 
rigidity must be due to isolated points of support, presumably 
foreign particles. If not, the entire film is a rigid structure in- 
volving all the oil. 


M. Muskat F. Morcan.'* Whether one agrees or dis- 
agrees with the observations presented in this paper, the im- 
portance of its implications in all problems of the flow of liquids 
near solid boundaries as well as in boundary lubrication must be 
recognized. In view of the perhaps almost universal opinion, 
based largely on the researches of Bulkley and of Bowden and his 
colleagues, that no such effects exist, the author and Dr. Kings- 
bury should certainly be commended for their activity in a field 


13 U. 8, Rubber Products, Inc., Passaic, N. J. 
14 Gulf Research & Development Company, Pittsburgh, Pa. 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1940 


in which the possibility of obtaining positive results must have 
appeared very small. 

Before all the previous results are discarded, however, or at 
least explained on the basis of different experimental conditions, 
it is perhaps worth asking if the results of this paper can be inter- 
preted in any other way. For instance, the possibility that dust 
particles may contribute to the experimental results has already 
been considered, but apparently no great pains have been taken 
to remove this unknown factor from the experiments. The 
elaborate precautions necessary to obtain clean surfaces and puri- 
fied air or liquids relatively free from dust particles have been 
described by Bastow and Bowden.® In spite of the methods 
used, however, they report that, under the ultramicroscope, 
purified alcohol still showed occasional dust particles. In fact 
the presence of some sort of contamination in the author’s experi- 
ments seems almost to be postulated from the observation in 
part I that the micrometer zero could only be set by bringing the 
surfaces together with platinum wires between them, since a 
false reading would probably be obtained due to surface con- 
tamination or adsorbed films if they were brought together 
without the wires. 

In any case, even though the author does feel that dust particles 
were not present, it is interesting to observe that if we do as- 
sume their presence practically all of the experimental results 
can be explained without invoking the peculiar rigidity proper- 
ties proposed in the paper. Thus the linearity of the friction- 
versus-speed curve would simply be the result to be expected of a 
normal viscous film. As the dust particles would be supporting 
the load, the surface-tension forces at the edge of the surfaces 
would more than suffice to keep the liquid in without requiring 
any rigidity characteristics. The increase in torque observed 
after the rotation has been stopped might be due to a flattening 
of the dust particles on standing and subsequent return to 
approximately spherical shape upon rolling between the rotating 
disks. 

Admittedly, the discrepancy between the directly measured 
film thicknesses and equivalent film thicknesses calculated from 
the torque observations must then be ascribed to errors in the pin 
method of direct thickness measurement. But, until there are 
other independent confirmations of the accuracy of this method, 
it is difficult to have sufficient faith in it to compel acceptance 
of the rigidity hypothesis. As to the lack of wear and scratches, 
this might be explained if the dust particles act in a manner 
similar to that of a polishing agent, even though they apparently 
do not become broken up. 

While this picture is presented only as a working hypothesis, 
the alternative interpretation of the author requires that the 
film have a tremendous anisotropy. Thus in the direction of 
rotation the rigidity is equivalent only to a viscosity 5 times its 
normal value, whereas its radial viscosity is practically infinite. 
Furthermore, when the disks are at rest, the film apparently has 
an isotropic rigidity. Moreover, if rotation tends to remove the 
rigidity, it is surprising that, over the entire range of speeds 
of 120 rpm practically to zero, the effective viscosity remains 
strictly constant. 

If these properties are substantiated, the author will certainly 
have established a most remarkable phenomenon. It is felt, 
however, that just because this phenomenon would have such 
profound bearing upon the general problem of lubrication, it * 
highly important that all factors which may permit alternative 
explanations of the experiments be positively eliminated befor 
what are generally believed to be well-established physical co” 
cepts are discarded. 


B. L. Newxrrk.”® 
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striking that they call for careful study and further efforts to 
check them experimentally from new angles if possible. Par- 
ticularly impressive is the consistency of measurements of the 
individual curves of Figs. 3, 4, and 5. The departures of in- 
dividual points from smooth curves are only a few millionths of 
aninch. In Fig. 3 agreement with theory is close. Figs. 4 and 5 
show discrepancies which would be reduced materially if some 
reason could be found for a change in the zero reading from one 
test to another. These curves show some apparently real diversi- 
ties in shape that could not be so explained. For example, the 
curve marked by crosses in Fig. 5 would not fit the theoretical 
curve even after displacement. In view of the author’s remarks 
about the difficulty of the zero measurement, it is not surprising 
that vertical displacements of the curves appear. A wave length 
of sodium (yellow) light is nearly 0.000024 in. On the other hand, 
it would certainly not be wise to dismiss these discrepancies in 
the view that they may be due to zero errors, for it is possible 
that some important fact would be brought to light if we could 
find the real cause. If means could be found to check the zero 
measurements independently, something further of importance 
might be discovered. 

The experiments of part II also turn to a considerable extent 
on the measurement of distance between the plates. The method 
used in this case to measure the distance seems admirable but an 
independent check of a factor of such critical importance would 
be desirable if it could be managed. The measured distances 
between the plates are of the order of 400 times the length of the 
long polar molecules. The apparent fluidity for circular motion 
and rigidity for radial motion and the rigidity developing during 
periods of no rotation are very remarkable. If the surfaces had 
bumps and hollows or if they were distorted by pressure or the 
mounting, this might account for some of the observations, but 
the author’s statement that the surfaces were flat to better than 
0.000001 in. and the care taken in the design and mounting of the 
disks seem to exclude these possibilities. 


K. Terzacui.'* The personal experience of the writer con- 
cerning the subject of the paper is limited to the physical proper- 
ties of boundary films in clay-water mixtures. Therefore the 
writer was much impressed by the similarity between his own 
experience with water films and that of the author with oil 
films. 

The findings of the writer can be condensed into the following 
statements: If the average width of the voids in a clay-water 
mixture is smaller than about 0.1u the average effective viscosity 
of the water increases rapidly and, at the same time, the water 
assumes more and more the characteristics of a solid substance.” 
The increase in viscosity is apparently due to the restraining 
influence of the proximity of the solid surface on the movement 
of the molecules of the liquid.1* The existence of an almost 
perfectly constant ratio between the normal pressure and the 
corresponding shearing resistance of the boundary film seems to 
te due to an orientation of the molecules of the liquid within the 
soundary film. 

In 1933, B. Derjaguin published the results" of investigations 
concerning the elastic properties of water films between an opti- 
‘ally plane and a curved surface of glass. The thickness of the 
im was determined by observing the Newtonian rings around 


“Harvard University, Cambridge, Mass. 

"“Versuche tiber die Viskositiit des Wassers in sehr engen Durch 
mngsquerschnitten,”’ by K. Terzaghi, Zeit. fir Angewandte Mathe- 
watik und Mechanik, vol. 4, 1924, pp. 107-113. 

*“The Mechanics of Adsorption and of the Swelling of Gels,”’ 
w K. Terzaghi, Fourth Colloid Symposium Monograph, Chemical 
\atalogue Company, Inc., New York, N. Y., 1926, pp. 508-708. 
."“Die Formelastizitiit der diinnen Wasserschichten,” by B. 
“trjaguin, Zeit. fiir Physik, vol. 84, 1933, pp. 657-670. 
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the point of minimum distance between the two surfaces. The 
data required for computing the modulus of shear of the boundary 
film were obtained by recording the period of oscillations pro- 
duced by the application and subsequent release of a torque. 
The following table contains theresults of the investigation, quoted 
from the paper: 


Thickness of film Modulus of shear 
in microns in absolute units 


This table shows that the thickness at which the film began 
to exhibit a measurable modulus of shear (0.14) is of the same 
order of magnitude as the thickness at which the writer noticed a 
marked increase of viscosity (0.1u). However, as soon as the 
water acquires elastic properties, one can no longer call it a liquid 
and the physical meaning of the term viscosity changes. The 
transition from the liquid to the solid state, which takes place if 
the thickness of the film is decreased, also requires a correspond- 
ing progressive departure from Stefan’s equation for the relation 
between the time and the thickness of the film (Equation [6] in 
the paper). In order to bring this departure more clearly into 


prominence, it would be advisable to plot the value hv t against 


Vi t, because according to Equation [6] the value hv tshould be a 
constant, which appears in such a graph as a horizontal line. 
The departure from a horizontal line is more easily detected than 
that from a hyperbolic curve. 

As h approaches a final constant value h, the empirical curve 


approaches an asymptote through the origin V t = 0 and the 
value h, is determined by the slope of this asymptote. The 
writer would appreciate it if the author would present such a 
graph in his final discussion. 

The rapid increase of the torque after stopping, as shown in 
Figs. 8 to 10 of the paper reminds the writer of the thixotropic 
phenomena in the clay-water mixtures. The increase of stiffness 
with time under unaltered external conditions, characteristic of 
thixotropic phenomena seems to be due to the gradual building up 
of a molecular structure within the boundary films. Such an in- 
ternal change may also account for the ultimate increase in the 
thickness of the films in the tests illustrated by Figs. 3 to 6. 

As soon as the rotation ceases, the resistance against sliding 
approaches the value determined by the coefficient of static 
friction for lubricated surfaces, which is normal pressure per unit 
of area times coefficient of friction. 

The coefficient of static friction for olive oil (Figs. 8 and 9) 
seems to be of the order of 0.14. For castor oil W. B. Hardy” 
gives a value of 0.10. In this connection, it is interesting to note 
the extraordinary difference between the rate at which the sliding 
resistance approaches the static value under a pressure of 40 Ib 
per sq in. (Fig. 9, very rapid) and under 100 lb per sq in. (Fig. 8, 
very slow). Noticing this difference one feels tempted to con- 
sider whether an increase of the pressure may not increase the 
resistance against re-establishing the molecular structure within 
that part of the film which is kept by rotation in a liquid state. 

Regarding the rigidity of the film during rotation, the writer is 
inclined to believe that the rigidity existed throughout the films, 
except within a layer with a thickness equal to the diameter of a 
few molecules along a plane half way between the solid surfaces. 
This may also account for the failure of the oil to flow out in a 
radial direction, in spite of liquid behavior with respect to rota- 
tion. Finally it may eliminate the apparent contradiction be- 


* “‘Note on Static Friction,” by W. B. Hardy and J. K. Hardy, 
The Philosophical Magazine, London, vol. 38, 1919, pp, 32-48. 
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tween the measured and the calculated values of film thickness 
(Fig. 12 of the paper), because the calculation seems to be based 
on assuming that during rotation the film is liquid throughout its 
thickness. The writer would appreciate an expression of opinion 
by the author as to whether he considers this hypothesis com- 
patible with his observations. In every other respect his con- 
ceptions regarding the structure of the oil films are practically 
identical with those of the writer, derived from a very different 
realm of empirical evidence. 


AuTHOR’s CLOSURE 


Many interesting points have been brought out in the discus- 
sion. Some of these points may be clarified, but in most cases the 
information is not available at present to answer the questions 
raised. 

Attempts by Professor Bradford and Mr. Villforth to detect 
indications of film rigidity by means of a tapered-plug viscometer 
are most interesting. Since the rate of approach of the surfaces 
appears to be in agreement with theory, until the film thickness is 
close to its minimum value, it would be indeed surprising if sur- 
face influence were detected in such comparatively thick films 
as 0.005 to 0.006 in. 

Dr. Bulkley passed highly filtered fluids through fine capil- 
laries and arrived at the conclusion that there was no surface in- 
fluence sufficient to produce a rigid layer out to distances greater 
than 0.000001 or 0.000002 in. from walls of platinum or glass. 
The author worked with films of oil of the order of 0.00003 in., 
bounded by two plane steel surfaces, and found unmistakable 
evidences of unexpected behavior. This behavior he attributed 
to surface influence. Aside from questions of preparation and 
purity of the liquids, technique, and others, which become ap- 
parent when reading the papers and comparing the find- 
ings, the two following important facts stand out: A single 
surface, such as the wall of a capillary tube, has little or no in- 
fluence on a contiguous liquid. Two steel surfaces in close prox- 
imity exert an appreciable effect on the oil between them. These 
two findings are not essentially in conflict. All the experiments 
on which the present paper is based indicated that, when the 
films were relatively thick, their behavior could be calculated 
from simple theory. It was only when the two steel surfaces 
came close to each other that their influences became apparent. 
It was also found that there appeared to be an appreciable 
change in electrical resistivity as the films became thinner. 
This point was not investigated to the extent warranted by its 
importance, but it was noted that the beginning of the change 
in resistivity occurred at approximately the same time as the 
departure of the rate of approach from Stefan’s law. Investiga- 
tion along these lines might be fruitful. 

Professor Connelly has pointed out that the work done in 
shearing the oil film must cause heating of the film. At low speed 
and low torque, however, the rate at which heat is generated is so 
small that its influence on the film cannot be detected with the 
present apparatus. The rate at which heat is generated depends 
upon work done in shearing the film, and not upon rotative speed 
alone. For example, in the test shown by Fig. 10 of the paper, the 
rate at which heat is generated at 100 rpm is about the same as at 
30 rpm in the test shown by curve 2 in Fig. 14 of this discussion. 
Data are available to show that, under these respective conditions, 
heat is generated at a rate sufficient to cause a 10 per cent drop 
in torque in 1 min. Only a few seconds are required for a torque 
observation and, between observations, the speed is reduced to 
11 rpm or less where heating of the film is not appreciable. 
During the constant-torque period in the test shown by Fig. 9 
_ of the paper, the reduction in torque due to shearing of the film 
is probably not in excess of 2 per cent. 

No difference in test results could be detected by using hard- 
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average temperature, 71.8 F; ~ = 117(10)~* lb sec per sq in.) 
ened tool steel in place of normalized low-carbon steel. Prefer- 
ence of one steel over another for making the test surfaces was 

due only to the reasons stated. 

The torque-versus-speed curves requested by Mr. Hersey are 
shown in Fig. 14 of this discussion. The data were taken with 
castor oil and a load of 100 Ib per sq in. After a continuous run 
of 8 hr at 11.06 rpm, rotation was stopped and the film was al- 
lowed to remain undisturbed for 153/, hr. Variations of torque 
with speed were then observed and plotted in curve 1. Rigidity 
at zero speed is shown by the intercept at about 1.05 Ib-in. Con- 
tinuous rotation was then resumed and when the constant torque 
of the previous day had been reached, the speed was again varied 
with the results shown by curve 2. As in all cases when rigidity 
is not present, the torque is proportional to the speed and the 
curve is a straight line passing through the origin. From Fig. !2 
of the paper, the film thickness with castor oil at 100 Ib per sq it. 
is 38(10)~¢ in. and, for the ordinary bulk viscosity of the oil, the 
theoretical torque is shown by the broken-line curve 3. Compati- 
son of the slopes of curves 2 and 3 shows that, in this film, surface 
influence has increased the effective viscosity to nearly 5 times 
its normal value. 
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That the data may be readily explained on the assumption of 
a layer of foreign particles between the parallel plates, as sug- 
gested by Drs. Mooney, Muskat, and Morgan, is not quite clear 
to the author. It is true that no elaborate precautions were 
taken definitely to exclude dust from the atmosphere during the 
short time required to apply the oil and start the test, but to 
visualize a particle that could account for the observed phe- 
nomena is very difficult indeed. 

Dr. Terzaghi’s suggestion that the point of departure from 
Stefan’s Equation [6] may be more clearly seen by replotting the 
data, has been carried out in Fig. 15 of this discussion. Data 
therein presented are from a test with castor oil and a load of 
40 lb per sq in., with continuous rotation at 11.06 rpm. The 
horizontal broken line represents the constant value of h +/1, 
which in this case is 0.000648 from Equation [6]. The point of 
departure A is at +/f = 32. Therefore, during the first 17 min, 
the surfaces are approaching at the rate calculated for a purely 
viscous fluid. Torque becomes constant at B, 2 hr after starting, 
and approach of the surfaces ceases. From the slope of the 
curve beyond B, the minimum film thickness is 11.7(10)~® in. 
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This may also be found from the observed torque and Equation 
[ll]. But from Fig. 12, however, we find the actual minimum 
film thickness is about 41(10)-® in., nearly 4 times the theo- 
retical value. 

From Fig. 8 of the paper, it is seen that, with olive oil at 100 lb 
per sq in., the torque increases from 0.125 to 1.54 lb-in. over the 
2-hr period CD. Time, in Fig. 9, is plotted in hours instead of 
minutes; hence, it is not quite so clear that, at 40 lb per sq in., 
the torque increases from 0.08 to 0.8 lb-in. in a similar 2-hr period. 
The rate of torque increase, therefore, is greater at the greater 
pressure and the final values reached depend upon pressure and 
time. 

With reference to film rigidity and the general behavior of these 
thin films, there seems little difference between the conclusions 
which were reached by Dr. Terzaghi and those expressed by the 
author. 

It is evident that further study of the boundary-film problem 
is desirable and warranted by the promise of additional informa- 
tion. This discussion has been most valuable in that it points 
out several paths for future research. 
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High-Speed Lightweight Trains 


By C. T. RIPLEY,' CHICAGO, ILL. 


The purpose of this paper is to outline the changes which 
have occurred during the last five years in high-speed 
passenger-train cars and in motive pewer for hauling them 
and the economic factors which have brought about these 
changes. The new designs for passenger cars and the ma- 
terials used in their construction are discussed. A de- 
tailed comparison of steam-locomotive and Diesel electric- 
locomotive characteristics as they affect the operation of 
these new high-speed trains is presented. Test data are 
included to indicate the importance of comparative stress 
in track produced by two types of power. Reference is 
made to the steady improvement which has been made in 
steam-locomotive design, but it is shown that there is a 
need for some rather extensive experimentation to make 
this type of power more suitable for this particular class of 
service. In conclusion, the author presents his views on 
the general results which have been secured from the opera- 
tion of these new trains and the probable trend in their 
future development. 


URING the last twenty years the travel habits of the 
American people have expanded greatly. The develop- 
ment of the low-priced automobile, and the construction 
of hard-surfaced roads have been the major factors in this change. 
In the face of increased travel, railway passenger traffic steadily 
declined until in 1933 it produced only about one third the gross 
revenue which it did in 1920. The data in Table 1 show this 


TABLE 1 PASSENGER-TRAFFIC STATISTICS, CLASS 1 RAIL- 
ROADS IN UNITED STATES 


Passenger Revenue per 

revenue, passenger mile, Passengers 
Year dollars cents carried 
1921 1,153,792,000 3.09 1,035,496,000 
1925 1,057,704,231 2.94 888,267,000 
1930 729,470,279 2.72 703,598,000 
1933 329,342,000 2.61 432,980,000 
1934 346,325,993 1.92 449,775,000 
1936 412,379,000 1.84 490,091,000 
1937 442,809,000 1.79 497,288,000 
1938 405,476,000 1.87 452,808,000 


decrease both in the number of passengers carried and in the rates 
and revenues. 

The large decrease in railway passenger traffic was undoubt- 
‘dly due to the inroads of bus travel, private-automobile travel 
ind, toa lesser degree, airplane travel. Prior to 1930, the railway 
managements, with properties still fairly prosperous because of 
xood freight traffic, did little to remedy the situation except to 
reduce rates, as indicated in Table 1. They also eliminated some 
tonpaying trains and in the case of branch-line operation, where 
they were usually forced by governing bodies to continue passen- 
zr service regardless of losses involved, they substituted gasoline- 
‘lectrie motorcars for steam trains. These cars were definitely 
‘uecessful in reducing operating costs to such an extent that 
‘heir first cost was paid for in a few years, but there was nothing 


‘Chairman, A.S.M.E. Railroad Division. 
_Prepared for presentation at the Railroad Session, at the canceled 
‘all Meeting of Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS, 
vhich was to have been held jointly with The Institution of Me- 
tanical Engineers of Great Britain in New York, N. Y., September 
*S, 1939. Presented at a meeting of the A.S.M.E. Metropolitan 
‘ction, November 21, 1939, New York, N. Y. 

Nore: Statements and opinions advanced in papers are to be 


nderstood as individual expressions of their authors, and not those 
the Society. 


about their service to attract new passenger business or even to 
hold what was left. Their usage did influence later develop- 
ments in that they brought to the attention of railway manage- 
ments the possibilities of utilization of the internal-combustion 
motor in railway service. Their success in mechanical perform- 
ance led the manufacturers to develop the new type of light- 
weight two-stroke-cycle Diesel motor, which is now playing such 
an important part in the operation of high-speed streamlined 
trains. 

About 1930 the railroads started air-conditioning passenger 
cars. This was an instant success with passengers and though 
the cost was high, about $8000 per car, it became necessary to air- 
condition practically all main-line cars, with the result that there 
are now about 11,000 such cars in operation. In some of these 
cars there were other improvements made for the comfort of the 
passengers such as more comfortable seats and better lighting. 
The success of this development, from a traffic viewpoint, con- 
vinced the passenger-traffic officers that it might be possible to 
recapture at least a part of the lost business. 

In 1900 the 60-ft wooden passenger car, seating about 80 
passengers, weighed about 40 tons or 1000 Ib per passenger. In 
the interests of safety, designs were changed first to include steel 
underframes, and in about 1910 to all-steel construction. Various 
parts were also increased in size and weight in order to secure 
greater strength and durability, until in the 1920’s the 80-ft 
passenger car seating about 70 passengers weighed approximately 
80 tons or 2300 lb per passenger. About 1930 still further weight 
was added, due to the introduction of air-conditioning equipment, 
weighing about 5 tons. As a result of this continued increase in 
weight of passenger cars, as well as a gradual increase in the speed 
of operation, the size of steam motive-power units steadily in- 
creased. Track structures and bridges had to be made stronger 
to carry these heavier locomotives and cars, and thus there was, 
from all of these angles, an increase in the cost of operating pas- 
senger trains, while at the same time the total traffic was di- 
minishing and there was a continual demand for lower rates to 
save the remaining traffic. 


DEVELOPMENT OF LIGHTWEIGHT CARS 


About this same time some new structural materials became 
available for use by the car builders, namely, aluminum alloys, 
stainless steel, and various so-called low-alloy high-tensile steels. 
Because of these developments the railway engineers and the car 
manufacturers started active work in the design and construction 
of new trains of a lighter type for main-line operation. The first 
of these were small trains consisting of three or four cars with 
600-hp Diesel engines located in the head car. They were made 
as light as possible in order to hold down the power requirements 
and to enable them to compete with buses and private auto- 
mobiles by giving cheap transportation. The cars were of non- 
standard height and some were narrower than the standard. 
They were streamlined to reduce power requirements and also 
to make an appeal to the public, already educated to such design 
by automobile developments. The reaction of the traveling 
public was so favorable that there was an immediate demand for 
more elaborate and larger trains for longer runs, with sleeping 
accommodations and other features for maximum comfort. Low 
first cost was soon lost sight of in this development. Interior 
decorators designed the most elaborate fittings and the trains 
were built with as many as 14 cars with power units totaling as 
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much as 5400 hp and auxiliary power for the cars of 1200 hp. 
A few of these trains were powered with streamlined steam 
locomotives but there was little change in the design of these 
locomotives from the old type except that higher driving wheels 
(84 in.) were used together with higher steam pressures (300 
psi) and larger tenders to reduce delay in taking fuel and water. 
They also had roller bearings and some other refinements in 
design. 

Most of the early trains had articulated cars because it was 
thought that this design reduced weight and gave better riding 
conditions. It developed however that neither of these factors 
proved to be important. There was a definite disadvantage in 
articulation particularly on long runs, in that standard cars 
could not be mixed with such cars. In case of difficulty, such as 
a bearing or wheel failure, a car failure might become a train 
failure. In the last few years practically all the lightweight cars 
have been built as individual units with standard floor and coupler 
heights and standard outside dimensions, so that they can be 
associated with any standard car. The weights of these cars were 
reduced about 40 per cent from those of the conventional struc- 
tural-steel cars and thus four-wheel trucks could be used. 


SPECIFICATION REQUIREMENTS FOR PASSENGER Cars 


The only standards for design strength available at the time 
most of these cars were built were the provisions of the United 
States Railway Post Office mail-car specifications (1).2. These 
specifications were first prepared in 1912 by a group of represen- 
tatives of the Post Office Department, the Master Car Builders 
Association, and the car manufacturers. It was required that all 
postal cars meet these specifications. While other cars were not 
required to meet them, practically all passenger-train cars were 
designed at least to these requirements. In July, 1938, they 
were revised to clarify certain features. These new specifica- 
tions were written so as to cover practically all types of con- 
struction with all types of materials. The major provisions 
of both the 1912 and 1988 specifications were, first, a minimum 
strength of center-sill construction based on 400,000 lb buffing 
static load and a factor of safety of two, and second, a minimum 
strength of end construction to protect against telescoping action. 
This latter required minimum section moduli for vertical end 
members and minimum shear values for their top and bottom 
connections. There were also numerous other limitations of stress 
in frame members. 

Cars built to meet these specifications have rendered excellent 
service with a remarkably good record in the protection of passen- 
gers under wreck conditions. As a consequence when lightweight 
construction was started in about 1931 these specifications were 
used as a minimum requirement, even though there were no rules 
of the American Railway Association or of the Government setting 
such limitation. However, a feeling developed that because of the 
operation of lightweight cars between heavy cars in trains, it was 
necessary for the Association of American Railroads to set up 
more detailed specifications to cover the construction of all 
passenger-train cars built in the future, giving particular atten- 
tion to prevention of damage from telescoping. A committee 
of the Association of American Railroads has recently developed 
these new specifications and they will probably govern all new 
construction of passenger cars. While these new specifications 
are generally based on the Railway Post Office specifications, 
they include some major changes: They provide for a center- 
sill strength such that an 800,000-lb load applied on line of draft 
will not produce any permanent deformation. The Railway Post 
Office specifications contained only a stress limitation and per- 
mitted the load application to be divided between the coupler 
line and the buffer line. This change will probably result in the 


2? Numbers in parentheses refer to the Bibliography. 


addition of more material than is now used in center sills of light- 
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weight cars designed with high center sills and buffers, with little 
compensating benefit from added protection. The new specifica- 
tions also include increased requirements for strength of couplers, 
carrier irons, and end construction, all of which mean some in- 
crease in weight, but which are apparently justified in view of the 
importance of maximum protection against telescoping of cars. 
Generally speaking, the new lightweight cars are being de- 
signed and built just as strong and safe as the older heavy types, 
Better engineering, stronger materials, and improved methods of 
fabrication make this weight reduction possible. New welding 
technique largely eliminates the human element and when 
properly applied should be preferable to the old riveting practice. 


NEeEp For Licut WEIGHT 


Light weight is almost a necessity for high-speed operation in 
order to hold down the size and cost of power units, as well as 
the cost of operation. This is particularly true with Diesel- 
electric locomotives with their high first cost. Experience indi- 
cates that 450 lb per hp (including weight of locomotive) is a 
proper design ratio for high-speed operation. Some of the new 
trains have a power ratio as high as 550 lb per hp but the main- 
tenance costs appear to run higher on such trains. In order to 
secure satisfactory performance on high-speed schedules, it is 
necessary to have some reserve power in the locomotive because 
some delays are inevitable and extra power is needed to make up 
the lost time. While the schedules may indicate that maximum 
speeds of only about 90 mph are required, actual operation re- 
quires at times speeds of 100 mph or even higher. This fact 
must be taken into consideration when designing locomotives 
and trains for this type of service. 


Car ConsTRUCTION MATERIALS 


Several of the early trains were built of aluminum alloys but 
in recent years the majority of them have been built of stainless 
steel or low-alloy high-tensile steel. The major claims for the 
stainless steel are lower weight due to higher physical properties, 
better welding by the automatic shot-weld process, and high 
resistance to corrosion. Stainless steel does not have to be given 
paint protection of any kind, which reduces both first cost and 
maintenance cost. Its polished surface gives an attractive mod- 
ernistic appearance to the cars and is easily cleaned. In high- 
speed operation the sandblast effect of particles from the ballast 
or right of way damages paint finishes quite rapidly. The low- 
alloy high-tensile steel advocates claim that they secure equally 
low weights for lower costs. Tests indicate that these steels 
have from two to four times the corrosion resistance of ordinary 
carbon steel. They are made to various formulas and have differ- 
ent trade names. It is claimed that some of them have some 
what better welding qualities than others. 

Inasmuch as no exactly similar cars have been built using the 
different types of steel or aluminum, it is not possible to make 
accurate weight comparisons. While it is true that the full use 
of the superior physical properties of stainless steel or the light 
weight of aluminum is limited to some degree by deflection re 
quirements, it should be possible, by using these materials in- 
stead of low-alloy steel, to construct a lighter car of equal strength. 
A general comparison of the large number of cars of the various 
types which have been built indicates a weight advantage for 
stainless steel and aluminum of at least 5 per cent. It would be 
expected that the construction cost of cars built of these m& 
terials would be somewhat higher due to the high cost per pound 
of such materials, but competition between builders has resulted 
in about equal bid prices. 

It is too early to evaluate fully the different types of light 
weight-car construction. Maintenance costs over a longer pet 
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Minimum tensile strength, 10% psi... . b 


Minimum elongation in 2 in., per cent 


Modulus of elasticity, 10* psi........ 28 


Manganese, per cent................ 


Chromium, per 


Approximate cost, cents per lb....... 21/4 


2 One half tensile strength. 


and performance in accidents will ultimately provide the answer. 
It appears, however, that a weight of about 100,000 lb for an 
80-ft coach is entirely practicable with full safety to passengers. 
If too much space for extra luxuries is provided, part of the ad- 
vantage of lightweight construction is lost, as the important 
factor is the weight per passenger carried. Table 3 shows the 
TABLE 3 COMPARATIVE WEIGHTS OF CONVENTIONAL AND 


TYPICAL LIGHTWEIGHT AIR-CONDITIONED PASSENGER 
COACHES 


All weights in pounds 
Conventional Lightweight 
steel stainless-steel 


coach coach 

Length over end sills, ft.. eaten aan 70 79 
Weight of car-body structure......... 66500 33000 
Weight of inside furnishings.......... 7000 5000 
Weight of equipment................ 45400 25000 
Weight per passenger................ 2962 1540 


major parts of a typical lightweight car in which the weight sav- 
ing has been made. 


Ripinc CHARACTERISTICS OF LIGHTWEIGHT 


Due to higher operating speeds, the design of passenger-car 
trucks is a most important factor. The former six-wheel trucks 
were not entirely satisfactory at these increased speeds, and 
doubt existed in the minds of some engineers as to the possibility 
of securing good riding qualities with four-wheel trucks. The 
weights of the new car bodies were so low that only four axles 
were necessary to carry the load, affording further opportunity 
for weight reduction by the use of four-wheel trucks. Extensive 
experiments were made by various railroads and manufacturers, 
which resulted in the development of many new features of 
truck design with a decided improvement in_ riding 
characteristics. 

Among these new features were the use of softer springs with 
greater deflections, hydraulic shock absorbers to control both 
lateral motion and vertical spring reactions, multiple-spring 
systems in triple-bolster trucks, and roll stabilizers. The use of 
tylindrical tread contours on wheels to reduce the nosing of trucks, 
and the grinding of treads to secure true rotundity and concen- 
tricity, were both helpful in softening the ride. Balancing of the 
wheels was also practiced to some extent, although a complete 
check of this feature has not been made due to lack of balancing 
machines in this country. It is now being given careful check on 
one railroad, which has installed the necessary machine. In an 
fort to reduce noise in the cars, rubber or other semiresilient 
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TABLE 2 PHYSICAL beste HT AND COMPOSITION OF MATERIALS 
USED FOR PASSENGER-CAR BODIES 


+ 50,000 to 60,000 psi. 


Typical Typical 
low-alloy aluminum 
Structural high-tensile ——Stainless steel—— alloy 
steel for cars steel Grade 1 Grade 2 17ST 
Minimum yield point, 103 psi........ a 50 110 120 32 


70 140 150 50 
18 18 


28 27 27 10.5 


0.10 0.08 0.08 ce 


0.20 0.20 


.30 0 0 4.0 


materials have been introduced in various parts of the trucks, 
such as pedestals, spring seats, and center plates. The mounting 
of the brake cylinders on the trucks instead of the body has also 
reduced the noise produced by the brakes. Improved insulation 
of car floors, as well as the sealing of windows, has also made a 
marked improvement, but there is still need for further noise 
elimination. The passengers can still hear the click of the wheels 
on the rail, the grinding of brake shoes on the wheels, and in some 
cases generator noise. Longer rails and better track maintenance 
would help to reduce rail and wheel noise and the use of disk-type 
brakes would reduce brake noise. 

In some of the lightweight cars a certain amount of vertical 
body vibration was noticeable to passengers. This has been re- 
duced by stiffening the car-body structure. The fore-and-aft 
vibration of cars which is so noticeable in many of the standard 
cars, particularly in operation with reciprocating steam loco- 
motives, has been largely eliminated through the use of tight-lock 
couplers, which have little or no free slack and by softer acting 
draft gears. 

The most unpleasant shocks in these cars are those of lateral 
acceleration, resulting either from nosing of trucks on tangent 
track, or the entering or leaving of curves. A novel attack on this 
problem is being made by one manufacturer, who has developed 
a pendulum type of car. This method of mounting the car on 
the truck differs completely from standard practice, in that the 
car body is virtually suspended from the truck, floating on soft 
vertical helical springs located well above the center of gravity 
of the car body. These springs permit through horizontal deflec- 
tion the necessary truck motion relative to the body, and this 
motion is positioned and controlled by a pair of horizontal links, 
which are restrained by rubber disks and shock absorbers acting 
between the car body and vertical extension of the truck frame 
at a point above the center of gravity of the body. In going 
around curves this type of car tends to bank and thus avoids 
the unpleasant sensation resulting from car-body roll. Pre- 
liminary tests of this type of car indicate an improvement. in 
riding characteristics particularly on curves. 

In general it appears that there is still need for research in 
truck design, in order to secure even greater comfort for passen- 
gers and to make possible higher operating speeds on sharp 
curves which, particularly on western roads with much track 
curvature, are a definitely limiting factor to fast over-all operat- 
ing schedules. 

Improvements in track structure and maintenance are also 
necessary if still higher speeds are to be attained. Whatever de- 
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sign of truck is used, satisfactory riding characteristics cannot 
be secured in high-speed operation over bad track. 


BRAKING 


The introduction of high-speed lightweight trains brought 
many new problems in braking. The stopping of these trains 
within reasonable distance is a difficult problem. While the car 
weights are less, individual wheel loads are as high and in some 
cases (particularly with the articulated type) higher than with 
the old heavy cars. In order to reduce the stopping distance, 
there have been a number of changes from former practice, such 
as truck mounting of brake cylinders which increases rigging 
efficiency, much higher braking ratios (some as high as 250 per 
cent), decelakrons to reduce pressures as the train slows down 
and thus prevent sliding of wheels, automatic car sanders acting 
only in emergency application, and electropneumatic control. 
In some cases the very high brake ratios resulted in considerable 
wheel and brake-shoe trouble. With all of these improvements 
there is still a question whether emergency stopping distances 
are as short as they should be. To effect shorter stops without 
undue punishment to wheels and shoes, new types of disk brakes 
are being tested. One train so equipped is now in operation. 
This type of brake has the advantage of a more uniform coefficient 
of friction throughout the speed range, thus permitting brake 
pressures which more closely approach the coefficient of adhesion 
between the rail and the wheel. Unfortunately, this coefficient 
of adhesion varies widely under different rail conditions. Thus 
if higher braking pressures are used, there is danger of sliding 
under unfavorable conditions. To meet this problem, either car 
sanding equipment or governors to reduce pressures automatically, 
when sliding begins, may prove to be a necessary complication. 

In both steam- and Diesel-powered lightweight trains, the 
locomotive weight is a large percentage of the train weight, but 
in most cases locomotives do not do their full share of the brak- 
ing. The steam locomotive is particularly lacking for three 
reasons: First, there are often some unbraked wheels on engine 
trucks for operating safety; second, the large spread between 
light and loaded weight of tenders makes it necessary to design 
braking power on the basis of light weight, and third, enginemen 
have to relieve engine brake pressure frequently to guard against 
the loosening of driving tires due to heating. The Diesel is better 
in that all wheels are braked and the spread between light and 
loaded weight is relatively small, but the small-diameter wheels 
are so highly loaded that the braking ratio must be limited in 
order to protect the wheels from damage. It would be advanta- 
geous if Diesel-electric locomotives had a supplementary dynamic 
electric brake such as is used in some electric locomotives as well 
as in the new experimental turboelectric design. 


COMPARISON OF DIESEL-ELECTRIC AND STEAM LOCOMOTIVES 


It may be noted from Table 7 that the Diesel-electric locomo- 
tive is more commonly used in these new high-speed streamlined 
trains than is the steam locomotive. It is claimed by some that 
this is chiefly due to the interest of the public in a new type of 
power, but the users apparently have good engineering arguments 
to support their choice. The advantages claimed for the Diesel 
are: First, high availability; second, rapid acceleration because 
of high tractive power at lower speeds; third, low maintenance 
costs; fourth, low fuel cost (usually less than half that of steam) ; 
fifth, lower rail stresses. The steam locomotive is less expensive, 
costing about $37 per hp. However, it is harder on track at high 
speeds due to the dynamic augment produced by overbalance 
in the driving wheels. It appears that a radical change in the 
design of the steam locomotive is necessary to make it capable 
of fully competing with the Diesel in this service. The important 
objects of such redesign should be the securing of a more con- 


stant torque and the reduction of track punishment. Three out- 
standing locomotives of new design are under construction or in 
service, namely, the 5000-hp turboelectric being manufactured 
by the General Electric Company for the Union Pacific Railroad, 
the Baltimore and Ohio Railroad’s four-cylinder engine, and the 
Pennsylvania Lines’ four-cylinder high-speed engine. All 
these new types are experimental, but they indicate a trend 
toward a type of steam locomotive having more constant torque. 
A step still further in this direction is involved in a new Baltimore 
and Ohio design, which includes individual axle drive. 

The comparison of typical modern high-speed steam locomo- 
tives and Diesel-electric locomotives on a horsepower basis, as 
shown in Table 4, is open to criticism because of the basic differ- 


TABLE 4 COMPARISON OF TYPICAL MODERN HIGH-SPEED 
STEAM AND DIESEL-ELECTRIC LOCOMOTIVES 


-——-Steam 
Diesel-electric 4-6-4 4-8-4 
Nominal hp of motors. 4000 
Maximum indicated hp............ 4300 5750 
Weight with tender, Ib.. 608000 809000 
Weight, lb per hp. . pred 152 188 56 


Approximate cost per hp. wee $87.50 $35.00 $34. 00 
ence in the horsepower curves of the two types and also the differ- 
ence in method of power transmission. The nominal horsepower 
of the Diesel-electric locomotive is available over practically the 
entire speed range, whereas the maximum indicated horsepower 
of the steam locomotive is available only during a limited speed 
range. With locomotives of equal horsepower, the Diesel has 
the advantage of greater power for accelerating at low speeds 
and greater sustained horsepower at very high speeds. Some 
difficulties with pistons, heads, and liners have been experienced 
in services where Diesel-electric locomotives were operated with 
such loads and schedules as to require almost continuous maxi- 
mum output of power. Recent improvements in materials and 
designs of these parts have largely overcome this trouble. Never- 
theless, the maintenance cost of any type of locomotive increases 
as the working-load factor increases. Proper design of a motive- 
power unit should provide some reserve power for emergency use, 
but not such an excess as to result in uneconomically high cost 
of construction. 
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Fig. 1 shows the relative drawbar horsepower of a 4000-hp 
Diesel-electric locomotive and a modern (1938) high-speed stea™ 
locomotive of the 4-6-4 type with 4300 max ihp. These curve 
are plotted from actual dynamometer-car readings with necess8" 
corrections for grade and acceleration. They show the advantag® 
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of the Diesel-electric locomotive at low speed and very high speed 
and also the advantage of the steam locomotive at intermediate 
speeds, such as would exist in ordinary grade working. This ad- 
vantage in grade climbing is offset to a considerable extent by 
the 33 per cent greater weight of the steam locomotive. 

The sharp dropping off of the horsepower curve for steam 
locomotives at high speed is due largely to low mean effective 
pressure in cylinders. To improve this condition, radical changes 
both in the design of valve and of valve gears appear to be 
necessary. 

In the case of Diesel-electric locomotives, the curve does not 
drop off as sharply as does that for steam locomotives and further 
improvement has already been secured in the latest designs by 
change in the generator voltage control. 
increased the power output at low speeds. 

In regular operation of the two types the performance of the 
Diesel-electric locomotive is usually that which is indicated by 
the drawbar-horsepower curve, but in the case of the steam 
locomotive there are a number of variables which may result 
in average performance somewhat below what is indicated by the 
horsepower curve derived from tests. The skill of the engineer 
varies and the condition of the locomotive is not always as nearly 
perfect as it is in the test. 

Manufacturers of Diesel-electric locomotives have an advan- 
tage in that they produce a practically standardized product and 
thus can reduce cost through line production. On the other hand 
almost no two lots of steam locomotives are the same. Each 
order means a new design with resulting high costs for engineering 
and production. This also means higher cost for and larger stocks 
of repair parts. American railroads have made a marked advance 
in the standardization of freight cars but there has always been 
strong opposition to any plan for standardization of steam loco- 
motives or passenger cars, due mainly to differences of opinion 
among different managements. The usual explanation is that 
operating conditions vary but this is hardly a valid excuse at 
least when certain railroads are compared. 

The use of Diesel-electric locomotives is more extensive on 
western roads than on those in the East. This is probably due 
to the following factors: Most of the oil production is in this 
territory, which results in lower prices, and the traffic in oil and 
its by-products is a more important source of revenue than that 
from coal, whereas the reverse is true in the eastern territory. In 
the Southwest most of the steam locomotives use oil as fuel be- 
cause of its lower first cost. The usual Diesel-locomotive fuel is 
about 28-gravity furnace oil costing about four cents per gallon 
atthe refinery. Steam-locomotive fuel oil is a low-grade residuum 
costing about two cents per gallon at the refinery. The boiler- 
feedwater supply and treatment is also much more of an expense 
and problem in at least a large part of the West than it is in the 
East. 

Diesel-electric locomotives provide better vision for the engi- 
neer because the cabs are located at the head end. The riding 
quality of Diesels is better than that of steam locomotives. They 
also provide smoother-riding trains as their high tractive effort 
at low speeds enable them to start and accelerate trains more 
quickly and smoothly. 

Steam locomotives have an advantage in that more horsepower 
tan be put in one unit. It may be noted in Table 4 that the in- 
trease in horsepower is secured with a lower percentage of in- 
crease in first cost and weight, that is, both the cost and weight 
per horsepower are lower for the 4-8-4 locomotives than for the 
+64 type. The maintenance cost per horsepower should also 
be somewhat lower for the 4-8-4 locomotives. It is true that any 
tumber of Diesel units can be coupled and controlled from one 
‘ab, but this increase in number of units means increased first 
‘ost and increased weight. A 2500-hp Diesel unit would appear 


This change has also 


to be a desirable size for heavy service, particularly in mountain- 
ous territory, but this does not appear practicable at present. 

The performance records of Diesels show fewer failures than 
similar records for steam locomotives, even when the latter are 
operated in slower-speed service. The multiunit power plant is 
a helpful feature in the prevention of failures. If something goes 
wrong in one power plant the locomotive can still go on to its 
terminal and in many cases the defect can be repaired en route 
with little or no delay. A major breakage or defect on a steam 
locomotive means a failure. 

If an entire territory were completely Dieselized, major sav- 
ings could be secured in elimination of water and fuel facilities 
and also intermediate terminals. With partial Dieselization, it 
is necessary to provide certain special facilities for water and fuel, 
but these are not expensive. Diesel-electric locomotives are de- 
signed to operate about 700 miles without refueling or watering, 
whereas steam locomotives with large tenders operate only about 
one half of this distance for fuel and one third the distance for 
water. Fewer and shorter stops for fuel and water are essential 
in making high-speed schedules. 

Diesel-electric locomotives have a higher availability than 
steam locomotives because they need less servicing. Further- 
more, individual major parts can be changed in a short time, thus 
avoiding delay of the unit for repairs. In service they are regu- 
larly making 1'/2, to 2 times as much mileage as steam locomo- 
tives, though it is only fair to say that part of this may be due 
to their use on preferred runs. Diesel-electric locomotives are 
cleaner in their operation, due to lack of smoke. This is par- 
ticularly advantageous in cities and towns. It also adds to pas- 
senger comfort in that the view from the car windows is not 
obstructed by smoke. 

Table 5 gives a breakdown of the weight of a typical 2000-hp 


TABLE 5 WEIGHT OF STANDARD 2000-HP DIESEL-ELECTRIC 
LOCOMOTIVE 
Per cent 
Two 1000-hp Diesel motors and auxiliary equipment........ 23 
Two electric transmissions with auxiliary equipment........ 21 
One steam boiler with auxiliary equipment................ 2 
Two trucks (less traction motors)............000ceeeeeeee 2 
Weight of oil (1420 gal). 11000 Ib 


Diesel-electric locomotive. The large percentage of the weight 
involved in the trucks may be noted. This is due to the heavy 
construction needed to support the traction motors and withstand 
the shocks of high-speed operation. The trucks are constructed 
of alloy steel and there appears to be little opportunity of making 
them lighter. The Diesel motors are almost as light as they can 
be made to withstand the service, but it may be possible in future 
development to take more power out of each cylinder, which 
would result in a reduction of weight per horsepower. The trans- 
mission accounts for a considerable percentage of the total weight. 
There is some possibility of reducing both the cost and weight of 
this part through the development of suitable hydraulic transmis- 
sions, but no large locomotives of this type have as yet been 
built in this country. The weight of the body structure cannot 
be reduced to any great extent as alloy steel and welded con- 
struction are already used throughout. 

The center of gravity of the Diesel-electric locomotive is con- 
siderably lower than that of steam locomotives and this fact, to- 
gether with the shorter rigid wheel base makes it possible to 
operate the Diesel-electric locomotive at about 15 per cent higher 
speeds on sharp curves. This is an important factor in making 
high-speed schedules, particularly on runs where there is a great 
deal of curved track. 
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Fig. 2. MEAN STRESSES IN Ratt Bask UNDER Each WHEEL 
(Five-deg curve, 110-lb rail.) 


RELATIVE Cost oF MAINTENANCE OF DIESEL-ELECTRIC AND 
Stream LocoMoTIVvEs 


There is a great deal of controversy as to the relative cost of 
maintenance of Diesel-electric locomotives and steam locomo- 
tives. It is difficult to secure reliable data from which to make 
comparisons. The comparison of costs on different railroads is 
open to question because of difference in operating conditions 
and accounting practices. The two types of power are not regu- 
larly used in the same type of service on the same railroad. 
Furthermore, the Diesel-electric locomotives are rather new and 
very few of them have received general repairs. It may be said 
that the two types are definitely different in regard to general 
repairs; the steam locomotive because of its boiler, flues, and 
firebox must be given general overhauling at relatively frequent 
periods. The Diesel-electric locomotive, on the other hand, is 
being constantly repaired by the regular replacement of the wear- 
ing parts. Some roads have put them in the back shop for general 
repairs after about 750,000 miles of service. It was originally 
thought that this might be the life of the major element of the 


Diesel motor, the crankshaft, but it has developed that the life 
of this part will normally be greatly in excess of this figure, and 
some roads are planning on one million or more miles between 
general shoppings. 

The best available data appear to be the five-year-period main- 
tenance-expense figures of a group of Pacific-type locomotives 
with approximately 3800 max ihp capacity, operating in normal 
passenger service, and similar figures for a group of 3600-hp 
Diesel-electric locomotives in high-speed service on the same 
railroad. These data show that the steam locomotives cost about 
20 cents per mile for maintenance, whereas the Diesel-electric 
locomotives cost approximately 17 cents per mile for main- 
tenance. These particular Diesels have never been given 4 
general overhauling and, therefore, in order to be conservative, it 
might be fair to add as much as 8 cents per mile to this figure. 
These data indicate that it may be conservatively claimed that 
Diesel-electric locomotives can be maintained for at least the 
same cost as steam locomotives. If this same group of steam 
locomotives were operated at high speed, the repair costs would 
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65,400 65,400 65,400 58,36056,630 70,690 


7/, 180 74,570 8395048. 
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undoubtedly be greater than the 20 cents shown. It is claimed 
by the builders of steam locomotives that the most modern type 
will have a lower cost of maintenance than older types, but it 
can also be claimed that the details of Diesel-electric locomotives 
are being steadily improved with a resultant reduction in main- 
tenance cost. It must be recognized that costs on different 
railroads vary widely, particularly those applying to Diesels, 
since they are new and maintenance forces are not as familiar 
with them as they are with the steam locomotive. Furthermore, 
most railroads’ repair facilities were designed for steam-loco- 
motive work and are not suitable for efficient handling of 
Diesel repair work. New facilities are gradually being provided 
for taking care of Diesel work and their use should result in 
some reduction in maintenance cost. 


TRACK STRESSES 


Every steam locomotive must have a certain amount of over- 
balance in the driving wheels, in order to balance the reciprocat- 


ing parts. This overbalance results in a dynamic augment which 
increases as the square of the speed and thus becomes an im- 
portant factor in producing stresses in the rail and roadbed at 
high speed. In some cases this effect has been so serious that the 
main drivers actually lift from the rail at high speed and may 
produce kinked rail. Improvement in this condition has been 
made by reducing the weight of the reciprocating parts to a mini- 
mum and reducing the percentage of the reciprocating weight 
balanced to a minimum limited by the production of nosing and 
fore-and-aft motion of the engine. A still further effort along 
this line is embodied in the new experimental designs of loco- 
motives having two complete sets of cylinders and motion work. 
This not only reduces the weight of reciprocating parts but gives 
another desirable characteristic, that of more constant torque. 
In order to illustrate the difference in rail stresses produced by 
a large Diesel-electric locomotive which has no reciprocating 
parts and a large modern high-speed reciprocating steam loco- 
motive, Figs. 2 and 3 are included. These show the results of 
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rail-stress measurements on 110-lb rail with a modern 4-6-4 
steam locomotive and a 3600-hp Diesel-electric locomotive. Fig. 
2 shows stresses on a 5-deg curve at speeds of 5 and 45 mph and 
Fig. 3 stresses on level tangent track at speeds of 5, 60, and 100 
mph. In Fig. 2 the stresses are shown separately for both edges 
of both rails, and the maximum stress at each location, as repre- 
sented by the average of three highest readings at each location, 
is shown in short horizontal lines. In Fig. 3 the average vertical 
stress in the rail base is shown and the effect of the counterbalance 
by indicating its relative position. The maximum stress is also 
an average of three maximum values. The damaging effect of 
counterbalance is clearly shown in these data which are actual 
stress measurements and not calculations. 

If a steam locomotive slips at high speed, the rotational speed 
of the driving wheels may be greatly in excess of that involved 
in these tests, therefore, the dynamic augment and resulting rail 
stress are greatly increased. The high rail stresses under steam- 
locomotive tenders due to too-high loads on small-diameter wheels 
may also be noted. Large tenders are necessary on high-speed 
locomotives in order to reduce to a minimum the delays for taking 
fuel and water, but it appears necessary to add two more pairs 
of wheels or increase the diameter of the wheels, in order to re- 
duce wheel loads to a reasonable figure where damage to both 
track and wheels is not excessive. 

No complete data are available for rail stresses under 4-8-4 
type high-speed steam locomotives. However, the tests made 
indicate that rail stresses under the main drivers of such loco- 
motives are about 25 per cent greater than those shown for the 
4-6-4 type. This is due to the fact that the reciprocating parts 
in these larger and higher-powered engines are heavier and the 
driving-wheel diameter is usually made smaller to meet heavy- 
grade operating conditions. 

All of these track-stress data point to the need of a radical 
change in steam-locomotive design for competition with the 
Diesel-electric locomotive in high-speed passenger-train opera- 
tion. The four-cylinder design is a step in the right direction. 
The individual axle drive proposed by the Baltimore and Ohio 
Railroad is a further step and also the new turboelectric 
type. Up to the present time the gear-drive turbine loco- 
motive has not been tried out in this country, but it too may 
have possibilities. The individual axle drive for a steam loco- 
motive appears to have the most interesting possibilities since 
it involves not only relatively constant torque but also better 
track protection resulting from complete balance. A lower center 
of gravity can also be secured since driving wheels of smaller 
diameter can be used. A special committee appointed by the 
Association of American Railroads composed of leading railway 
mechanical engineers and representative engineers of the loco- 
motive builders is making a thorough study of the entire question 
of design of steam locomotives for high-speed operation. Out of 
their work there will probably come some concrete and valuable 
recommendations on this important question. 

Until some marked changes are made in steam-locomotive de- 
sign it appears that the Diesel-electric locomotive will have a 
definite advantage in so far as effects on rail and roadbed are con- 
cerned. 

Lightweight passenger cars also have an advantage over con- 
ventional cars in the matter of track-maintenance costs. Though 
their individual wheel loads are just as high, their lower total 
weight and trucks with shorter wheel base result in lower lateral 
rail pressures in high-speed operation. 


THERMAL EFFICIENCIES 


The theoretical maximum thermal efficiency of the Diesel- 
electric locomotive figured on the basis of energy developed at the 
rail is about 27 per cent, whereas the corresponding figure for a 
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modern steam locomotive seldom exceeds 7 per cent, which would 
indicate a relative fuel consumption of about 1 to 4. This is 
somewhat altered for over-all performance by difference in 
weight of the two types of locomotive and difference in stand-by 
losses. It is difficult to find accurate comparative fuel-consump- 
tion data because the two types of power are not ordinarily used 
on similar runs. One comparison available is on a main-line fairly 
high-speed through train where steam power was superseded by 
Diesel-electric locomotives. The relative round-trip fuel-con- 
sumption figures based on a 12-month average on this run are as 
follows: Steam locomotives used 124 tons of coal; Diesel-electric 
locomotives used 3950 gal of Diesel oil. Based on the Btu con- 
tent of the two types of fuel, these data indicate that the thermal! 
efficiency of the Diesel-electric locomotives figured at the drawbar 
was 5.5 times that of the steam locomotives. 

A careful check was made on another railroad to determine the 
relative amount of Diesel oil consumed by 3600 hp Diesel-electric 
locomotives and modern Pacifie-type oil-burning steam loco- 
motives, when pulling both light and heavy medium-speed main- 
line passenger trains on a 550-mile run. These data show the 
steam-locomotive oil consumption to be approximately four and 
one half times that of the Diesel-electric locomotives. 

There appears to be little chance of improving the efficiency 
of the Diesel-electric locomotive except in the factor of trans- 
mission loss. There should be a possibility of marked improve- 
ment in steam-engine efficiency because of the many losses now 
involved. There has been a steady improvement in steam- 
locomotive thermal efficiency as indicated by the figures of the 
Association of American Railroads, which show that in 1920 it 
took 173 lb of coal to produce 1000 gross-ton-miles of freight 
transportation and 18.8 lb of coal per passenger-car-mile, whereas 
in 1988 these figures were only 113 lb for freight and 14.7 lb for 
passenger trains. A large part of this fine showing is undoubtedly 
due to improvements in steam-locomotive design and the re- 
ductions would be even greater if all the locomotives in service 
were of a modern type. Credit is due the designers for these im- 
provements, which incidentally have been developed without the 
urge of competition from other types of power. Naturally unde: 
noncompetitive conditions the designers have been more or less 
bound by precedent. Conditions have now been changed. The 
young virile Diesel locomotive (whose designers were not swayed 
by precedent and who had at their disposal the vast amount of 
research data developed by the automotive industry) has reached 
a remarkable state of development in the short period of five 
years. This new competition should prove to be a spur and 4 
benefit to the steam-locomotive designers, as is indicated by the 
numerous new designs which are mentioned elsewhere in this 
paper. 

The Diesel designers had an advantage in connection wit! 
high-speed operation in that they started their development ! 
road locomotives on the basis of high speed (top speed 11 
mph). On the other hand, steam-locomotive designers focused 
their attention on the improvement of thermal efficiency and 
greater power development with top speeds of about 90 mph. 
Thus when the demand for high-speed operation developed * 
rapidly, their designs were not entirely adequate. This feature 
of high speed is the one which is now being given major con- 
sideration, and improvement should result. 


EvLectrric LOCOMOTIVES 


The modern electric locomotive is also a highly satisfactor! 
type of motive power for high-speed operation, both from the 
viewpoint of capacity and effect on track structure. Early 
types had detrimental effects on track due to high lateral forces 
but later designs have overcome this. The use of this type 
power in this country has been limited, due to the fact that the 
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density of traffic on most railroads does not warrant the high cost 
of overhead construction. Where it is used for long-distance 
high-speed operation, as on the Pennsylvania Railroad, between 
New York and Washington and Harrisburg, it has shown excellent 
performance, but there appears to be little probability of electri- 
fication of less dense traffic lines, particularly those in the western 
part of the United States. 


OPERATING EXPENSES 


In 1938 Coverdale and Colpitts (2) issued a comprehensive 
report covering the results of their studies of operating costs and 
revenues of a majority of the streamlined trains in operation at 
that time. The cost data for the various railroads show such 
wide variations that it is difficult to arrive at a fair average figure 
for cost of operation of Diesel locomotives as compared with 
steam. Unfortunately, there are no roads on which comparable 
trains are operated with steam and Diesel-electric locomotives, 
so that there is no fair basis for comparison. However, a study 
of all the data in this report indicates that the cost of mainte- 
nance of a 3600-hp Diesel-electric locomotive is no greater and 
probably less than that of a modern steam locomotive of similar 
power, handling equal-weight trains on fairly comparable sched- 
ules. The fuel cost is approximately one half as much. The 
cost of crew wages is about the same, though it should be noted 
that on some roads a maintainer is included in the crew of Diesels 
for long-distance operation. This should not be necessary when 
firemen are fully trained in their work on this type of power. 
Lubrication costs (a lesser factor) are greater for Diesels than 
for steam locomotives. It is noticeable that the maintenance 
costs for Diesels are higher when the total load is much above 
450 lb per hp. 

The outstanding feature of this report is the large margin be- 
tween gross revenue and net revenue (depreciation charges are 
not included). Most of the trains show net revenue over 50 per 
cent of gross revenue and in some cases this is as high as 75 per 
cent. These figures, are, of course, unduly favorable because of 
the omission of two important factors, namely, the overhead 
charges for depreciation and interest, and the item of track 
maintenance. The overhead in one particular case is shown in 
Table 6 of this paper. Even with the high mileage made by such 
trains, the overhead is a major item of expense because the 
first cost of these trains is high. As to track maintenance, it is 
well recognized that safe and comfortable high-speed operation 
necessitates a high standard of track maintenance. Furthermore 
high-speed operation, particularly with steam locomotives, in- 
creases the cost of maintenance, though no definite figures are 
available to determine such extra cost. It is a fact that large 
expenditures have been made, particularly on the western rail- 
roads to eliminate curvature and alter curves to make high-speed 
operation successful. As an example of this, it may be noted 
that one transcontinental railroad spent over four million dollars 
on such work during the last three years, and similar work is 
still under way. The total cost of these improvements should 
not be charged against the operation of the new trains for these 
changes also benefit the operation of other trains. Nevertheless, 
itmust be admitted that there is a considerable part of this extra 
expense, which should properly be charged against the new trains 
‘o give a full picture of the financial results. If speeds are still 
further increased, this factor will become of even greater impor- 


| tance as more work of this kind will be necessary to make such 


schedules. 


Coacu-TyprE STREAMLINERS ON LoNG RuNs 


Table 6 shows a comparison of weights and operating costs 
between two streamlined trains operating in similar transconti- 
nental service on one railroad. One of these trains is a first-class 
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all-sleeping-car train and the other is an all-coach train. All of 
the data are prepared on the basis of full load of passengers which, 


TABLE 6 COMPARISON OF OPERATING COSTS FOR A FIRST- 
CLASS ALL-SLEEPING-CAR STREAMLINER AND AN ALL-COACH 


STREAMLINER 
Estimated 
All- 10-car 
First-class coach all-coach 
Item train train train 
Number of cara........... ’ 9 5 10 
Number of Diesel power units...... 2 1 2 
Horsepower of locomotive. . 3600 1800 3600 
Total weight of cars, tons.......... 482 248 496 
Weight of power units, tons........ 287 147 287 
Total weight of train, tons.......... 769 395 783 
Length of traim, 890 473 970 
Total salable seats or berths........ 121 156 312 
Out-of-pocket cost per mile of opera- 
Train length | per Passenger (full load), 
ee, 7.4 3.0 3.0 
Car weight per passenger, ‘tons...... 4.0 1.6 1.6 
Train weight per passenger, tons. 6.4 2.5 2.5 
Out-of-pocket cost per passenger per 
mile of operation. . 30.0073 $0.0043 $0 .0028 
Total yearly operation, ‘miles....... 232,000 232,000 232,000 
Total first cost of train. $1,110,000 $580,000 $1,160,000 
Overhead cost per mile, ‘based on 10 
per cent of first cost............. 30.48 $0.25 $0.50 
Overhead cost per passenger per mile 
Overhead and operating cost per pas- 
senger- mile (full load)............ $0.0113 $0.0059 $0 .0047 


@ This cost does not include sleeping-car employees’ wages or maintenance 
expense for sleeping cars. 


of course, is not always the case. Estimated data are also shown 
for a train similar to the coach streamliner but with twice the 
capacity. All operating costs are taken from the Coverdale and 
Colpitts report (2). 

It may be noted that the train weight per passenger for the 
first-class train is 6.4 tons, whereas for the coach train it is only 
2.5 tons, which accounts largely for the higher out-of-pocket 
cost for the former. The overhead cost per passenger is more than * 
twice as great. The total overhead and operating cost per pas- 
senger-mile is approximately twice as great for the first-class 
train as for the coach train. It is thus apparent that much lower 
rates can be charged on coach trains. This latter type of train 
has been remarkably successful in attracting passengers for this 
long run, although it involves their spending two nights on the 
road, 

It is the coach type of train that primarily has the possibility 
of diverting traffic from private automobiles and buses to the 
railroads. Because of the low rates it also has the possibility of de- 
veloping a large amount of new traffic among people in the low- 
and medium-income group, who are becoming more and more 
travel-minded and have more and more time available for such 
travel. There is almost no limit to the possibilities for develop- 
ment of this type of travel. People of this class want low-cost 
transportation with high speed and comfort. All of these are 
being provided in such trains. 

The Coverdale and Colpitts report shows remarkably success- 
ful results from the operation of all of the high-speed streamlined 
trains. They have undoubtedly brought back to the railroads 
some of the lost traffic and give promise of developing new 
traffic. 

It appears that these new high-speed trains, particularly those 
in the western territory are now operating at about the maximum 
speed, which is possible on the present track structure. The 
limitation to further increase in speed lies in the large number of 
rather sharp curves which are unsafe for too high speed and un- 
comfortable for passengers when taken too fast. The number of 
unprotected grade crossings is also a limitation, as well as speed 
restrictions through towns with grade crossings. It would be 
very expensive to correct all of these track conditions. 

Outside of the passenger-traffic gain, these new trains have 
been warranted by the public interest which they have aroused. 
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TABLE 7 


Railroad 


A. 


Baltimore & Ohio 
(Alton) 

Baltimore & Ohio 
(Alton) 


Boston & Maine 

B. & Q. 

B. & Q. 
-&Q. 
.&Q. 

&Q. 

M. & St. P. 

R. 1. P. 

& 

R. 1. & P. 


CR. 1.4 P. 


Gulf, Mobile & 
Northern 
Gulf, Mobile & 
Northern 


Illinois Central 


Qaannaana a 


New York Central 
New York Central 
N. Y. N. H. & H. 
Pennsylvania 
Reading 

Seaboard Air Line 
Southern Pacific 
Southern Pacific 
Union Pacific 
Union Pacific 
Union Pacific 
Union Pacific 
Union Pacific 


Union Pacific 
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Name of train 
Super-Chief 
The Chief 

El Capitan 


San Diegan 


Chicagoan 
Kansas Cityan 


Golden Gate 


Abraham 
Lincoln 


Ann Rutledge 
Flying Yankee 


Pioneer Zephyr 


Sam Houston 
Texas Rocket 


Mark Twain 


General Pershing 


Denver 
Zephyrs 

Twin City 
Zephyrs 

Hiawatha 


Rocket 
Rocket 
Rocket 
Rocket 
Rebel 
Rebel 


Green 
Diamond 


Mercury 


Twentieth 
Century 


Comet 
Broadway 
Limited 
Crusader 
Silver Meteor 
Sunbeam 
Daylight 
City of Salina 


City of Portland 

City of Los 
Angeles 

City of Los 
Angeles-2 

City of Denver 

City of San 
Francisco 


No. 
of 
trains 


2 


Service 


Twice 


weekly 


Daily 
Twice 


weekly 


Twice 
daily 

Daily 
Twice 
daily 

Daily 
Daily 
Daily 
ex. Su 
Daily 
Twice 
daily 

Daily 
Daily 
Daily 
Twice 
daily 

Twice 
daily 

Twice 
daily 

Daily 
Daily 
Daily 
Daily 
Daily 
Daily 
Daily 


Daily 


6 trips 


daily 
Daily 
Twice 
daily 
Twice 


weekly 


Daily 
Daily 
Daily 


5 trips 
monthly 
5 trips 
monthly 
5 trips 
monthly 


Daily 


5 trips 
monthly 


LIST OF HIGH-SPEED LIGHTWEIGHT STREAMLINED PASSENGER TRAINS 


Type of No. 
oco- 


motive 


Route, 
miles 


2229 
2229 
2229 


Run 
Chicago 
Los Angeles 
Chicago 
Los Angeles 
Chicago 
Los Angeles 
Los Angeles 
San Diego 
Chicago 
Wichita 
Bakersfield 
San Francisco 
Chicago 
St. Louis 
Chicago 
St. Louis 
Boston 
n. 10 h Portland 
Kansas City 
Omaha-Lincoln 
Fort Worth 
Dallas-Houston 
St. Louis 
Kansas City 
St. Louis 
Kansas City 
Chicago 
Denver 
Chicago 
Twin Cities 
Chicago 
Twin Cities 
Chicago 
Peoria 
Chicago 
Des Moines 
Kansas City 
Minneapolis 
Kansas City 
Dallas 
New Orleans 
Jackson 
Mobile 
Union 
Chicago 
St. Louis 
Cleveland 
Detroit 
New York 
Chicago 
Providence 
Boston 
New York 
Chicago 
Philadelphia 
Jersey City 
N. Y.-Miami 
N. Y.-&. P. 
Houston 
Dallas 
Los Angeles 
San Francisco 
K. C.-Salina 
K. C.-Topeka 
Chicago 
Portland 
Chicago 
Los Angeles 
Chicago 
Los Angeles 
Chicago 
Denver 
Chicago 
San Francisco 


Electric 
& steam 
Diesel 
400 hp 
Electric 
& steam 


Steam 


Diesel 
2000 hp 


Steam 


Steam 


Diesel 
600 h 
Diese 
1200 hp 
Diesel 
2400 hp 
Diesel 
5400 hp 
Diesel 
2400 hp 
Diesel 
5400 hp 


187 
68 
2272 
2298 
2298 
1048 
2259 


Nore: Six more trains for various railroads are under construction at the time of preparation of this 
tabulation, and also a considerable number of lightweight cars for use in other trains. 


Prior to their advent, there was a feeling that the railroads had 
not kept pace with developments as they should have, and conse- 
quently the public had less interest in their welfare. They are 
now much more favorably inclined and this may have an in- 
fluence on future legislation. 

Large numbers of new lightweight cars are now being added 
to main-line trains, and there is a gradual replacement of old 
types. The public demand for such cars is due largely to their 
many comforts and attractive appearance. There is every indi- 
cation that there is a real revolution in American passenger 
trains. Table 7 shows a list of the high-speed streamlined trains 
now being operated on the railroads of the United States. 


CONCLUSIONS 


The streamlined high-speed passenger train has been definitely 
successful on American railroads in recovery of traffic, financial 


return, and mechanical performance. The number of such trains 
in service should continue to increase. 

Both steam and Diesel-electric locomotives will pull these new 
trains, but the Diesels will predominate unless new designs of 
steam locomotives prove themselves better suited for the long 
high-speed runs than are the present types. {There should be 8 
continual improvement in the design details of Diesel-electric 
locomotives. Radically new designs of steam locomotives will 
probably be built to meet the high-speed operating conditions. 

Schedules faster than those now being made are possible and 
probable as soon as roadway conditions are further improved by 
curvature reduction and grade-crossing elimination. 
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at 120 Wall St., New York, N. Y. 

3 “Operation and Maintenance of Diesel and Steam Loco- 
motives,’’ by E. E. Chapman, presented before the Society of Auto- 
motive Engineers, October 13, 1938. 

4 ‘Pioneering the Diesel Electric Streamliners,’’ by Otto Jabel- 
man, presented before Society of Automotive Engineers, Oct. 13, 1938. 

5 “Light Weight Passenger Cars Used in Steam Railroad Service,” 
by W. H. Mussey, presented before the Society of Automotive Engi- 
neers, October 13, 1938. 

6 The following articles on lightweight trains published in Railway 
Age: 

February 3, 1934, page 184, ‘Union Pacific Light Weight, High- 

Speed Passenger Train.” 

April 14, 1934, page 533, ‘‘Burlington Zephyr.” 
October 13, 1934, page 427, ‘‘Union Pacific Second High Speed, Light 

Weight Passenger Train.” 

December 22, 1934, page 825, ‘‘New York Central Streamlined 

Commodore Vanderbilt.” 

January 5, 1935, page 3, ‘‘New York, New Haven & Hartford Stream- 
lined Coaches.” 
February 2, 1935, page 188, ‘‘North Western ‘400’ High Speed 

Train.” 

February 9, 1935, page 220, ‘‘Maine Central, Boston & Maine 

Flying Yankee.”’ 

April 13, 1935, page 562, ‘* Light Weight Coaches for Boston & Maine.” 
April 20, 1935, page 600, ‘‘Burlington Twin City Zephyrs.” 
April 27, 1935, page 632, ‘‘New York, New Haven & Hartford 

Comet.” 

May 4, 1935, page 671, ‘‘Baltimore & Ohio Abraham Lincoln." 
May 11, 1935, page 719, ‘‘Chicago, Milwaukee, St Paul & Pacific 

Hiawatha.” 

June 8, 1935, page 875, ‘‘Union Pacific City of Portland.” 

June 15, 1935, page 910, ‘‘Gulf, Mobile & Northern Rebels.” 

November 2, 1935, page 563, ‘‘Chicago, Burlington & Quincy Mark 
Twain Zephyr.” 

March 28, 1936, page 534, ‘Illinois Central Green Diamond." 

May 30, 1936, page 864, ‘‘Union Pacific City of San Francisco and 

City of Los Angeles."’ 

July 4, 1936, page 4, ‘‘Union Pacific City of Denver.” 

July 11, 1936, page 50, ‘‘New York Central The Mercury.” 

December 26, 1936, page 931, ‘‘Enlarged Twin City Zephyrs, Chicago, 
Burlington and Quincy.” 

March 13, 1937, page 418, ‘‘Southern Pacific Daylight.”’ 

March 27, 1937, page 540, ‘‘New Haven Installs Streamline Passenger 

Locomotives.” 

May 22, 1937, page 855, ‘‘Santa Fe Re-Equips Super-Chief.”’ 
June 19, 1937, page 1013, ‘‘Richmond, Fredericksburg & Potomac 

4-8-4." 

August 28, 1937, page 256, ‘‘Chicago, Rock Island & Pacific Six 

Rockets.” 

October 2, 1937, page 442, ‘‘Southern Pacific Sunbeam.” 
December 11, 1937, page 826, ‘‘Reading Receives Light Weight 

Streamlined Train.” 

December 25, 1937, page 902, ‘‘Baltimore and Ohio Installs New 

Royal Blue Train.” 

January 15, 1938, page 147, ‘‘Gulf, Mobile & Northern's Third 

Rebel.” 

January 29, 1938, page 224, ‘City of Los Angeles and City of San 

Francisco.” 

February 26, 1938, page 372, ‘‘M. K. & T. New Passenger Cars.”’ 
March 26, 1938, page 554, ‘‘Santa Fe’s New Streamlined Trains Fl 

Capitan and Chief.” 

May 14, 1938, page 838, ‘‘Chicago and North Western and Union 

Pacific Challenger.” 

June 4, 1938, page 942, ‘‘New York, Ontario & Western Mountaineer.” 
June 18, 1938, page 1000, ‘Pullman Builds New Equipment for 

Broadway and Century Trains.” 

October 15, 1938, page 559, ‘‘Union Pacific Streamliner Equipped 

With Additional Unit.” 


Discussion 


T. R. Coox.* The writer agrees with the author’s conclu- 
sions that the railroads have and can regain considerable of their 
lost passenger business by the adoption of better schedules and 
the provision of more comfortable passenger trains, and there is 


* Coverdale and Colpitts, Consulting Engineers, New York, N. Y. 
Mem. A.S.M.E. 


no question but that lighter construction is the principal funda- 
mental factor involved. 

As to whether these trains will be hauled by Diesel or steam 
power is a question which will be resolved by the economies 
of the situation. There are over 43,000 steam locomotives in 
existence in the United States, divided in the order of freight 65 
per cent, passenger 17 per cent, and switchers 18 per cent. 

It is quite evident that the major activity, that of hauling 
the freight will alone keep the steam locomotive on the rails 
for some years to come. A number of the railroads are coal 
carriers. It would, therefore, seem logical that the roads and 
the steam-locomotive builders, to say nothing of other invest- 
ments in property and plants dependent upon steam, should con- 
stitute a sufficient urge to force the advancement of steam loco- 
motives. There is no doubt but that there is room for improve- 
ment both in engineering and in operation of steam power. 

As to the present situation of steam, the writer is doubtful of 
the superiority of the Diesel as indicated in the paper, particu- 
larly when the Diesel locomotive is considered as a prime mover. 
The author gives a thermal efficiency at the rail of 27 per cent 
for the Diesel and 7 per cent for the steam locomotive. The 27 
per cent is correct for the Diesel, but 7 per cent in the writer’s 
opinion is quite low for the modern steam locomotive. 

A more interesting figure, however, would be a statement of 
the efficiency at the drawbar where the work is done, and not 
only at full load but at various load factors and at various speeds. 
We are dealing with types of power having entirely different char- 
acteristics. In order to make a comparative statement, the 
writer has worked out the thermal efficiencies of a modern 4-8-4 
and a Diesel locomotive each of 5400 hp, through a range from 
30 to 100 mph, and load factors varying from 100 per cent down 
to 40 percent. The results indicate that the maximum efficiency 
of the Diesel is developed at 30 mph with 100 per cent load 
factor; this efficiency decreases as the speed increases and as the 
load factor decreases. The steam locomotive, on the other hand, 
generally increases in efficiency as the load drops and has higher 
efficiency at 80 per cent load at all speeds than at 100 per cent 
load; up to about 50 mph this increase in efficiency continues 
down to a 40 per cent load factor. It may fairly be assumed 
that, in high-speed passenger service, the load range is primarily 
between 60 and 80 per cent, at speeds varying from 50 to 70 mph. 
In the example taken in the ranges cited, the Diesel shows an 
efficiency of 22 per cent and the steam slightly over 8 per cent. 
This would indicate that the cost of the fuel in the normal range 
of unit prices would be about equal. 

As to the cost of repairs, it is believed that the age of the 
equipment must be taken into consideration. The increased 
cost in repairs of steam locomotives with increasing age has been 
thoroughly demonstrated. The Diesel switcher has shown a 
greater rate of increase and, although there are no figures avail- 
able, it is safe to assume that the Diesel road locomotive will show 
a similar increase. 

The author in Fig. 1 shows comparative drawbar-horsepower 
curves of a steam versus a Diesel locomotive, stating that the 
curves are plotted from actual dynamometer-car readings. Asa 
rule, dynamometer cars are placed in a given scheduled train and 
the readings taken show the resistance of the train under various 
conditions, but do not show the capacity of the prime mover at 
various speeds. The writer has found it of interest to compare 
the theoretical drawbar horsepower with that shown in the 
author’s curves. His calculations indicated that the Diesel 
was operating below full load up to 80 mph and, thereafter, was 
working at an overload; while, in the case of steam, the loco- 
motive was operating at full load up to 50 mph and was working 
considerably under capacity at higher speeds. 

In Table 4 of the paper, in reference to steam power, what is 
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the author’s definition of “maximum indicated horsepower?” 
The indicated horsepower of a steam locomotive increases with 
speed up to a point where the steam-pipe valve and port resist- 
ance prevents the use of all the steam the boiler can evaporate. 

Under the section on ‘‘Maintenance,”’ it is stated that the cost 
of repairs of a steam locomotive is 20 cents per mile, and the 
comparative Diesel costs 17 cents per mile; the writer would like 
to know the age of both the steam and the Diesel units used in 
this comparison. 

Under the section on “Thermal Efficiency,’’ a comparison is 
made between Diesel and steam power. In one case, a ratio 
of 5.5 is shown and in another a ratio of 4.5. In the two instances 
was the work done the same, i.e., did the Diesel and steam loco- 
motives haul the same-weight trains over the same tracks? 


L. B. Jones.4 The author quite properly calls attention to 
the attractive weight reduction made possible by the use of 
lightweight cars. Parallel with the development of lightweight 
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Fig. DrawBar Putt REQUIRED FOR 12-CarR TRAINS 
(85-ton cars, 1020 tons per train; 60-ton cars, 720 tons per train.) 


cars, however, has come the development of mechanically driven 
air-cooling systems which offset any advantage the locomotive 
might realize from the substitution of lightweight cars in the 
train. 

In Fig. 4, two 12-car trains have been assumed, one made up 
of 85-ton cars having 4-kw axle generators working to rated 
capacity, and another 12-car train of 60-ton cars, with 20-kw 
generators, generating at rated capacity. It will be noted that 
the drawbar pull required for the 60-ton cars is greater, up to 
speeds considerably in excess of 90 mph. The figures are for 
level track. On an upgrade, the lightweight cars would gain 
some advantage. 

The development of heavy axle-generator loads has, therefore, 
robbed the locomotive of whatever advantages the lightweight 
cars offer in the way of drawbar pull. The development of air 
cooling has been very rapid, and sufficient consideration has not 
been given to a logical and comprehensive method of supplying 
the power necessary. As a starting point, it is suggested that a 
440-v, 3-phase train line, powered from a small plant on the 
locomotive, would supply all necessary power for cooling and 
lighting at an over-all efficiency probably double that of indi- 
vidual axle-generator units. Storage batteries could also be 
reduced to about !/, of their present size, and kept charged 
through a small automatic rectifier. Stand-by service would be 
provided in large terminals, as is now done with steam heat. 

Reference is made to the lower center of gravity of Diesel- 
electric locomotives, with higher possible speed on curves. This 
is no doubt true as regards speeds at which the locomotive will 
upset, but there have been cases where it was necessary to raise 
the center of gravity of electric locomotives in order to prevent 
serious lateral forces which pushed the track out of line or over- 


4 Engineer of Tests, The Pennsylvania Railroad, Altoona, Pa. 
Mem. A.S.M.E. 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1940 


turned arail. In Figs. 5 and 6, curves have been plotted showing 
the maximum possible speed of stability of a locomotive on a 
6-deg curve. Fig. 5 shows a curve with 5 in. superelevation and 
Fig. 6 a curve without superelevation. 

While the speed required to upset the locomotive increases 
rapidly with reduced center of gravity, it will also be noted that 
the speed required to overturn the rail has the opposite trend, 
and the two curves cross at 98 mph in Fig. 5. These curves are 
plotted on the basis of centrifugal force only. When we consider 
the maximum forces resulting from nosing or lurching of the 
locomotive, it is evident that too low a center of gravity can 
create dangerous lateral pressure on the rail, and therefore the 
advantages of a low center of gravity must be circumscribed. 
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Data are presented in the paper showing rail stresses under 8 
steam locomotive in comparison with a Diesel. Omitting the 
steam-locomotive drivers for the moment, and considering only 
the engine and tender trucks, which are not subjected to dynamic 
forces, it will be noted that the rail stresses under the locomotive 
trucks increase much more rapidly from 5 to 100 mph than the 
stresses under the Diesel-locomotive trucks. It is not apparent 
why rail stresses should increase more rapidly with speed under 8 
locomotive-tender truck, for example, than they do under 4 
Diesel-locomotive truck. 

Considering now the locomotive driving wheels, it will be noted 
that the minimum rail stress under the main wheel at 100 mph 
is only slightly less than the stress due to static loading at 5 mph 
(it is assumed that at 5 mph no dynamic stresses are noticeable). 
In most 2-cylinder steam locomotives which have been tested, 
there is a definite tendency for the main wheels to leave the rail 
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at a speed of 100 mph and, although with well-balanced loco- 
motives no lifting actually occurs, the rail stress at one point 
of the revolution should be very nearly zero. This raises the 
question whether the strain gages used were sufficiently sensi- 
tive to record the actual stress variations. If average figures 
were used in plotting the vertical stresses, this might explain 
the tendency to level off the variations throughout one revolution. 

While there can be no challenging the author’s statement 
that future development of the steam locomotive should look 
toward reduction of the dynamic augment, it seems only fair to 
observe that the comments on undesirable dynamic behavior have 
been based upon the performance of a few locomotives, whereas 
hundreds of other steam locomotives are handling fast schedules 
every day without any symptom of trouble. We recently con- 
ducted a series of tests in which several locomotives were slipped 
on greased track up to speeds very much in excess of their maxi- 
mum operating speeds and, while the dynamic effect was defi- 
nitely noticeable, there was no trace of rail damage in 100-lb 
rail on cinder ballast, and the rail stresses recorded were not 
excessive. The only precaution taken in connection with the 
locomotives tested was that the counterbalances were precisely 
checked in advance of the tests, as well as the quartering and 
tramming of the locomotive wheels. 


A. I. Liperz.5 There is a common but unjustified notion 
that a Diesel-electric locomotive has the advantage of greater 
acceleration as compared with a steam locomotive. This is a 
remnant of the common theory that the electric locomotive 
provides quicker acceleration than the steam locomotive. In 
this consideration, the fact is overlooked that the electric loco- 
motive usually draws power from an outside source to about 
double its nominal power at low speeds. However, this is not 
true for the Diesel-electric locomotive, in which the electric 
feature lies only in the transmission, not in the generation of 
power. The advantage of the Diesel-electric locomotive is in 
the magnitude of the tractive effort only at low speeds, since the 
power is always limited by the power of the Diesel engines and 
by the greater number of drivers which are carried on the loco- 
motive chassis, just as the power of the steam locomotive is lim- 
ited by that of the boiler on the locomotive frame and its num- 
ber of drivers. Thus, the author’s statement regarding the 
“rapid acceleration (of the Diesel-electric locomotive) because of 
the high tractive power at lower speeds”’ may be literally correct, 
but can be misleading if the speeds to which this applies are not 
given. This advantage of a Diesel locomotive is of compara- 
tively short duration and is not of the same order, as in the 
straight electric locomotive with an outside source of power. 
In order to evaluate this advantage, a more accurate and detailed 
calculation is necessary. This has been done and is presented in 
Fig. 7. 

Referring to Table 4 of the paper, the steam locomotive 
shown in the third column is the one discussed by the author. 
The maximum indicated horsepower is given as 4300, and the 
graph, which is shown in Fig. 1, gives the drawbar horse- 
power, both for a steam and some Diesel locomotives. The steam 
locomotive is referred to as a modern locomotive of the 4-6-4 
type. Regarding the drop of the horsepower shown in the curve, 
it is explained that this can be improved if a change both in 
the design of the valve and the valve gear is made. Fig. 7 also 
refers to the 4-6-4-type steam locomotive of the New York 
Central of a lighter design but, nevertheless, of 4700 ihp, built 
for high speed with this very improvement in the valves; the 
steam curve is taken from actual tests. 

_The drooping characteristic of the horsepower curve of the 


_* Chief Consulting Engineer, American Locomotive Company, 
Schenectady, N. Y. Fellow A.S.M.E. 
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steam locomotive of Fig. 1 has been corrected in Fig. 7; the part 
of the curve at high speeds has a flatter appearance. Further- 
more, the weight of the locomotive with a fully loaded tender 
is given in Table 4 of the paper as 809,000 lb. For the 4700-hp 
steam locomotive it is only 674,300 lb and, therefore, the weight 
per horsepower, instead of being 188 lb as shown in Table 4 is 
only 144 lb. Moreover it should be noted that the steam loco- 
motive is not running all the time with its tender fully loaded 
and, therefore, has the advantage of reducing its dead weight; 
this remains practically constant in a Diesel locomotive. How- 
ever, this slight advantage of the steam locomotive will be disre- 
garded and the resistance will be based upon the weight of the 
locomotive with fully loaded tender as given, namely, 674,300 Ib. 
The maximum drawbar horsepower of the 4700-hp steam loco- 
motive is 3880 hp, as established by very elaborate tests* of the 
New York Central. 


®‘*New New York Central Locomotives Show High Power Con- 
centration,’’ Railway Age, vol. 104, 1938, p. 601. Also: ‘“‘The New 
York Central Receives 50 Powerful 4-6-4 Locomotives,”’ Railway 
Mechanical Engineer, vol. 112, 1938, p. 173. 
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As to the Diesel-electric locomotive shown in the second col- 
umn of Table 4, the power of the Diesel engines is only 4000 hp 
and the maximum drawbar power is 2950 hp, against 3880 for 
the steam locomotive. In fairness to the Diesel-electric loco- 
motive, which the writer will compare with the steam, the draw- 
bar power given by the author in Fig. 1, from actual dynamometer 
tests of the 4000-hp Diesel locomotive, should be increased in pro- 
portion to the maximum indicated horsepowers of the steam and 
Diesel locomotives; in other words, for the Diesel-electric loco- 
motive, the maximum drawbar > wer should be 


4700 
2 h 
950 X 3465 hp 


It is only fair to the Diesel-electric locomotive to assume that 
the Diesel power is equal to the indicated power of the steam 
locomotive, since both must be multiplied by the efficiency of 
power transmission and mechanical efficiency of the chassis, 
in order to arrive at the drawbar powers. Thus, we are impar- 
tially comparing a steam and a Diesel locomotive of identical 
maximum indicated horsepower, which is 4700 in either case, by 
studying their corresponding drawbar-horsepower curves. 

Fig. 8 shows the tractive efforts in pounds in relation to speed 
in miles per hour for these two locomotives of identical maximum 
horsepower. The advantage of the tractive effort of the Diesel 
locomotive at low speeds is evident from this illustration. It is 
true that, due to the electric transmission there is an advantage 
in developing greater tractive effort than with the steam locomo- 
tive for all speeds below 40.5 mph, but the difference between 
these two curves drops very rapidly and is negative at speeds 
above 40.5 mph. 

Also in Fig. 8 is shown the resistance of a 16-car lightweight 
streamlined train weighing 760 tons, or 47.5 tons per car. This 
is what the Diesel-electric locomotive would be able to pull on 
level track at high speed. The balancing speed of the Diesel- 
electric locomotive is about 95.5 mph on the level. For the steam 
locomotive it is slightly higher, about 101 mph, because of greater 
sustained power at high speed. 

The acceleration curves of these two trains are shown in Fig. 9. 
From the comparison, it may be observed that the intersection 
point of 40.5 mph is reached by steam in 2 min 10 sec within a 
distance of 0.75 mile, whereas the Diesel will do it in 1 min 16 
sec in a distance of 0.51 mile. The Diesel will thus gain 54 sec 
and 0.24 mile. But, we are concerned here with performances at 
higher speeds than 40.5 mph and, if we continue beyond 40.5 
mph, we shall be gaining time with steam; in fact, the steam 
locomotive will reach 95.5 mph in 10 min 17 sec from the start, 
while the Diesel will take 15 min 20 sec to attain this speed. In 
other words, the Diesel will lose the 54 sec which it gained at the 
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start before reaching the intersection point of 40.5 mph, but will 
lose an additional 4 min 9 sec, showing a total loss from the start 
of 5 min 3 sec, just contrary to what might be expected. Every 
time the train is slowed down (due to speed restriction) to a speed 
about 40.5 mph and accelerated again, the total gain in time, in 
the case of the steam train, will be increasing cumulatively. 

It is interesting to note that L. Dumas, assistant director 
of the French National Railway, who has had considerable 
experience with Dieselized streamlined trains, made a special re- 
port,’ in which he gave a summary of three different reports be- 
fore the International Railway Congress Association. In this 
report he also made a statement concerning the advantage of 
quick acceleration of trains due to Dieselization with electric 
transmission, as compared with steam locomotives, but confined 
his remarks to trains with electric-motor coaches, essentially 
rail cars, and high-speed trains of the German and French types, 
in which the ratio of Diesel power to the weight of the cars is very 
high. The acceleration is, therefore, due not to the electric 
transmission, but to the high power-to-weight ratio, which is 
lacking in the American high-speed trains with sleeping accom- 
modations. 

In connection with the author’s remark that the performance 
of the steam locomotive, especially of modern type, depends 
largely on the engineer and is subject to increased efficiency and 
capacity, an interesting incident demonstrating this fact occurred 
on the Chicago, Milwaukee, St. Paul & Pacific on November 
18, 1939. On one of the new class F-7 locomotives of the 4-6-4 
type, which is now operating fast heavy trains out of Chicago, 
something went wrong and the locomotive was cut out at Mil- 
waukee. 

A 4-4-2 Hiawatha locomotive, which is lighter and less powerful 
than the 4-6-4 regular locomotive, was put on in its stead and 
pulled the 10-car train, weighing approximately 1,000,000 Ib from 
Milwaukee to Minneapolis, bringing it in on time and making up 
almost the entire delay of 22 min; the train arrived at St. Paul 
only 2 min late. It is interesting to note that originally the 
Hiawatha was designed to pull only 6 cars weighing 700,000 lb, 
but lately has pulled 8 cars of corresponding weight. A Diesel 
locomotive would meet its requirements only, and no more; it 
does not have the flexibility of the steam locomotive. 

Referring to the matter of counterbalancing, discussed in the 
section on “Track Stresses,” there can be no doubt but that the 
steam locomotive is at a disadvantage as compared with any 
other locomotive without dynamic augment, such as Diesel-elec- 


7‘*Methods Used to Speed Up Passenger Trains, and Resulting 
Expenditure,” Special Report by L. Dumas, Bulletin of the Inter- 
national Railway Congress Association (English edition), July, 
1939, pp. 661-663. 
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tric, turbine, or straight-electric. However, the examples given in 
the paper are not fully convincing; first, because the steam loco- 
motive in question was heavy, 71,570 lb on the first driving axle, 
as compared with 50,700 lb on the fourth driving axle of the 
Diesel-electric. Furthermore, the locomotive, as may be judged 
from Fig. 3, was dynamically counterbalanced, or as we call it, 
cross-balanced, only on the main wheel, which was the second 
driving wheel. The front and back wheels were statically 
balanced. The percentage of balancing is not given and it is 
natural that the dynamic stresses in the rail should be greater 
for the steam locomotive. It is remarkable that, with all the 
handicaps of this steam locomotive, the difference is so small; the 
maximum rail stress is 19,000 lb for the steam locomotive at a 
speed of 100 mph as compared with 17,000 lb for the Diesel-elec- 
tric at the same speed, or an increase of 12 per cent for the steam; 
much less than the increase in static weights, which is 41 per cent. 
For the Diesel-electric locomotive, the maximum at 100 mph is 
about the same as for the tender of the steam locomotive, although 
the weight on the tender axle is still about 30 per cent greater. 
This proves that the dynamic augment of the steam locomotive 
is not so grave as it is usually represented; it is the static weight 
which matters most, probably due to the element of time. 

The old-time track and bridge engineers were mainly concerned 
about the static weight per axle. It is only recently, when the 
balancing of locomotives became better known and understood, 
that the dynamic stresses in rails began to bother them, especially 
when improperly evaluated. 

The questions of track stresses and of counterbalancing of 
locomotives had a very peculiar history. Without going into 
details, it is enough to say that only lately proper attention is 
being paid to the question of counterbalancing of steam locomo- 
tives. 

With the old-time counterbalancing, speeds up to 80 mph 
could be easily obtained. Hammer blows as high as 15,000 lb 
per wheel and more, which would kink and break rails, were evi- 
dently tolerated on a great many railroads. The track was 
simply built very stiff so the locomotives could run at these 
speeds. As one engineer expressed it, the “anvil’’ was strong 
enough to stand the “hammer blow.’”’ However, when the elec- 
tric and the Diesel-electric locomotives came into being and 
proved their superiority for track conditions and their mainte- 
nance, the steam-locomotive engineer became cognizant of the 
unfitness of the old-time steam locomotive to modern high- 
speed conditions. Cross-balancing and lighter reciprocating 
weights, to which 15 years ago no one would listen, became very 
popular, 

To a great extent the question of adaptability of steam loco- 
motives to high speeds depends upon designing the locomotive 
80 that it may have good tracking conditions at high speeds. 
American locomotives, especially of the type with front and rear 
trucks, have been very well suited to good negotiation of curves 
at high speeds. This partly eliminated the necessity of paying 
much attention to proper counterbalancing of locomotives. The 
recent development of lateral-motion and cushioning devices in 
locomotives was also a great help in this direction. 

It is now possible to build locomotives with very small over- 
balances on wheels and, consequently, small hammer blows. 
Although it may not yet be possible to bring it down to zero, as 
was done on the Madras & Southern Mahratta Railway of British 
India, an improvement in track stresses, nevertheless, would re- 
sult from the small overbalances, if the percentage of balancing is 
reduced to a figure close to zero and compatible with the shaking 
forces of light reciprocating weights in modern steam locomotives. 

Wide discussion is taking place concerning the low center of 
gtavity «f some trains and Diesel-electric locomotives, as com- 
pared with the high center of gravity of steam locomotives, al- 
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though nothing is pointed out as to what kind of disadvantages 
may result from the high center of gravity of the steam locomo- 
tive. This question was investigated years ago by many loco- 
motive designers. In the 1870’s, it was even proved experimen- 
tally that the high center of gravity is an advantage because it 
stabilizes the locomotive at high speeds. Of course, on curves, 
the centrifugal force may overturn a locomotive, if proper care is 
not taken in the design, but if the correct track elevation is made 
and the centrifugal forces are thus neutralized, nothing will hap- 
pen on a properly designed and maintained track. However, the 
locomotive will run more smoothly. 

It should be remembered that any train, even on first-class 
track, is subjected to violent vibrations due to the unevenness 
of the permanent way, its discontinuity due to rail joints, the re- 
siliency of rails, ties, and ballast, and that a certain limit of 
speed must be set for any train with any locomotive—steam, tur- 
bine, Diesel, or electric, on a flexible track. 

In a recent paper,* F. G. Gurley, vice-president of the Atchi- 
son, Topeka & Santa Fe Railway, predicted speeds of 140 to 
150 mph and indicated the motive-power equipment which would 
satisfy this condition. He even saw some possibilities for the 
steam locomotive, but, of course, had no doubts about the Diesel- 
electric locomotive at those speeds. As far as the writer is con- 
cerned, the figure of 150 mph cannot be accepted for any loco- 
motive on any track until by actual experience the possibility of 
these high speeds is proved. It is not known that they are 
wanted for rail transportation. 

It is interesting to note that electric locomotives on the Penn- 
sylvania Railroad, which has first-class track, the heaviest in the 
world, are limited to 90 mph and are permitted to run at this 
speed only because their weight per axle is comparatively low. 

Modern steam locomotives, properly cross-balanced on all 
axles, with cushioning devices on properly selected axles, can 
easily run at 100 mph, and have already proved their riding 
qualities at 115 mph. In fact, abroad, a steam locomotive de- 
veloped 125 mph in the presence of the London Institution of 
Locomotive Engineers. References to this trip have been widely 
published.® 

Speeds at 100 mph with steam locomotives are now not unusual 
in this country. There is no doubt in the writer’s mind but that 
the steam locomotive can meet any higher speed, limited only by 
the speed of cars, obtained by any other type of locomotive. 

In discussing the economics of the problem, the author in 
Table 6 gave us a comparison of operating costs between two 
streamlined trains in transcontinental service on one railroad. 
He also referred us to the well-known report prepared by Cover- 
dale and Colpitts (2). He mentioned, however, that interest and 
depreciation charges have not been taken into account by these 
analysts. 

This comparison has been completed by the writer by adding 
several more trains to Table 6, and by trying to figure out from 
various sources the cost of streamlined trains, using for this pur- 
pose a paper’ by E. E. Chapman on the subject. The results of 
this comparison are given in Table 8. Several representative 
streamliners, like the City of San Francisco, Denver Zephyr, and 
Hiawatha, have been added and the table is complemented by the 
cost of locomotives and cars, fixed charges per year on the basis 
of 10 per cent of interest and depreciation, the income per train- 


8‘**Performance Limits of Transportation; Range, Speed, and Ca- 
pacity,”’ by J. G. Gurley, Michigan-Life Conference, University of 
Michigan, Ann Arbor, Mich., November, 1939. 

***New German Streamlined Locomotives,’’ Ratlway Gazette, 
vol. 62, 1935, pp. 1209-1217. Also: ‘‘The Borsig Centenary,” 
Railway Gazette, vol. 67, 1937, p. 318. 

10‘*Diesel and Steam Locomotives in High-Speed Service,’’ by 
E. E. Chapman, Railway Age, vol. 105, 1938, pp. 733-735. 
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TABLE 8 OPERATING RESULTS OF HIGH-SPEED STREAMLINED TRAINS 


Railroad Southern 


Pacific 


Francisco— 
Los 
Angeles 

Daylight A. 
Lincoln 
Diesel- 
electric 


Steam 


Daily mileage per train 
Number of cars per train 

Revenue (gross) per train-mile, dollars 
Total operation cost per train-mile, dollars 
Net revenue, dollars 

Per cent of net revenue to gross 

Cost of locomotive and train, dollars 
Fixed charges, 10 per cent total cost per yr, dollars 
Fixed charges per train- _ dollars 
Income per train-mile, dollars. 

Return on investment, per cent. 

Period of amortization in years 


mile (net revenue less fixed charges), and amortization of the in- 
vestment. 

A study of Table 8 is illuminating. The number of cars is 
greatest only in the case of two trains, namely, in that of the 
Daylight on the Southern Pacific (14 cars) and the City of San 
Francisco on the Union Pacific (also 14 cars). The gross revenue 
of these two long trains amounts to more than $4 per train-mile, 
irrespective of whether Diesel or steam, thus indicating the ob- 
vious fact that the gross revenue depends upon the number of 
passengers, which naturally is greater on the longer trains. To 
the same class of large-revenue trains belongs the Milwaukee 
Hiawatha steam train, which has only 9 cars. This is due to its 
great popularity. All the Diesel trains, except the City of San 
Francisco, earn less gross income per mile. 

The percentage of net revenue to gross is about the same in 
all streamliners (60 to 70 per cent), but the greatest is the Hia- 
watha (74.1 per cent), except the Denver Zephyr (included in the 
Burlington Zephyrs) for which it is 75.1 per cent. This is be- 
cause the mileage of this train is very high, being more than double 
that of the Hiawatha. The return on investment, however, is 
lower. 

The costs of the trains are, of course, different, the greatest 
being that of the long steam and Diesel-electric trains, especially 
the Diesel. This, of course, reduces the net revenues by the 
amount of fixed charges, making the income per train-mile lower 
for the Diesel trains. Only the steam Daylight and the steam 
Hiawatha show high incomes, above $2.50 per mile. The steam 
Ann Rutledge makes only about $1 per train-mile, probably due 
to traffic conditions. The total income per train-mile is figured, 
and the total per year is then referred to the investment. It 
will be seen that again the highest figure is for the Hiawatha, the 
cost of which is paid up in the shortest time, a little over 1'/: 
years. 

The return on the investment of all these trains, both steam 
and Diesel-electrics, is not only the result of their utilization, 
especially the latter, but also a result of the comparatively low 
costs of the steam locomotives. In some cases the Diesel-electrics 
show remarkable mileage, as, for instance, the Denver Zephyr, 
which makes 1036 miles daily. However, but few trains, even in 
this country, have such a long run and can show such a remarkable 
utilization, which, after all, depends also upon the convenience 
of schedules, location of cities, meeting points, turnover of 
locomotives, and other factors. Therefore, the writer does not 
think the author’s conclusion that Diesel trains will predominate 
is at all obvious, because to a great extent the success of Diesel 
trains is the result of novelty, streamlining, comfort, air condi- 
tioning, special service, etc., all of which are obtainable with 
steam trains and are matters of competition. In the long run 
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the preference is given on economic grounds, as pointed out by 
Mr. Gurley,$ if the engineering of the product is right. There is 
nothing inherently wrong in the design of the steam locomotive, 
and this type of prime mover may be further perfected for high 
speed. 

The writer agrees with the second part of the author’s conclu- 
sion in which he states that radically new designs of steam loco- 
motives will probably be built to meet high-speed operating condi- 
tions. He enumerates the possibilities. It should be added 
that the combustion-gas-turbine locomotive of Brown, Boveri & 
Company looms now on the horizon, and although it is not 
strictly a steam locomotive, it can be built with direct drive, 
which has been spelling the success of the steam locomotive for 
over a hundred years. Furthermore, it has no dynamic aug- 
ment. So far, the steam locomotive has been able to meet new 
conditions in similar circumstances. 

Of course, we cannot foresee the future. But there are no 
indications which would point away from the locomotive with 
direct drive. 


K. F. Nystrrom.'! In the cost of operation of lightweight 
trains, it is necessary to include the initial cost of the power 
plant and cars. In the writer’s opinion the costs of steam 
locomotives and passenger-train cars, at the present time, 
are entirely too high, as the railroads, and particularly the 
builders, have failed to standardize on designs. It is appreciated 
that different operating conditions exist. However, both steam 
locomotives and passenger-train cars might be standardized to 4 
poine where the cost would be substantially reduced. If we are 
to continue making inroads on the private automobile and re 
capture passenger business for the American railroads, consider- 
ably greater economies will have to be made so that railroad 
fares can be placed at a popular-price level. 

Much has been done in regard to reduction in weight of pa* 
senger-train cars, however, much remains to be done. Trucks 
under passenger cars delivered to railroads this year weigh 
34,000 to 36,000 lb per carset. This weight, considering the 
total weight of the car, is too high. At the present time, one 
railroad is experimenting with a truck which will not weigh mor 
than 25,000 lb per carset and appears to offer some decided ad- 
vantages. 

The author of the paper commented on the change in the 
Railway Post Office Department specification as follows: “This 
change will probably result in the addition of more material tha! 
is now used in center sills of lightweight cars designed with high 
center stills and buffers, with little compensating benefit from 


11 Chief Operating Officer, Chicago, Milwaukee, St. Paul & Pacifit 
Railroad Company, Milwaukee, Wis. Mem. A.S.M.E. 


1940 


sill ir 
ment 
Whil 
Inspit 
quire) 
izes t 
penal 
alone, 
are n¢ 
sill in 
could 
absol 
ber sh 
than 
2200 | 
where, 
Afte 
ts de: 
A resi] 


I 
Adviso 
Washir 

13 Ch 
Manuf; 


wi 
Tl 
s 
De 
471 564 564 738 630 mg 
See 172000 204000 149000 275600 153000 322000 269000 229950 
14 8 8 14 9 7 5.90 6.85 sat 
4.631 3.020 2.585 4.188 4,343 1.902 1,893 2.072 1.343 
Bin hs [Sess 1.420 1.038 1.065 1.659 1.126 0.619 0.610 0.801 0.501 cal 
3.211 1.982 1.520 2.529 3.217 1.283 1,283 0.842 bee 
69.3 65.6 58.8 60.4 74.1 67.5 67.8 61.3 62.7 
Say eee: 1133000 711000 630000 1557000 713000 647000 569125 792292 379000 tak 
a ae 113300 71100 63000 155700 71300 64700 56913 79229 37900 pee 
gd ee 0.658 0.349 0.422 0.565 0. 466 0.201 0.211 0.345 0.187 ou 
2.553 1.633 1.098 1.964 2.751 1.082 1.072 0.926 0.655 nev 
38.8 46.9 26.0 34.7 59.0 53.8 50.7 26.9 39.1 
2.58 9.17 3.85 2.83 1.69 1.86 1.98 3.72 2.56 diti 
anc 
cau 
low 
| 
cerr 
RNG in th 
| 
whic 
0 
refer 


e no 
with 


eight 
ywower 
steam 
time, 
the 
eiated 
steam 
d toa 
ve are 
nd re- 
isider- 
ilroad 


yf pas 
Trucks 

weigh 
ng the 
1e, one 
h more 
led ad- 


in the 
“This 
ial than 
th high 
fit. from 
& Pacifi¢ 


added protection.” The author, in his modesty, failed to men- 
tion that under his supervision a design!? of passenger-train car 
was developed by the Federal Co-Ordinator of Transportation. 
This design was developed after exhaustive studies had been 
made and met all the requirements of the Railway Post Office 
Department’s specification then existing. The estimated weight 
of this design was 96,900 Ib and in the writer’s opinion would have 
been entirely satisfactory. 

Unfortunately, the Association of American Railroads pre- 
maturely adopted the so-called “tight-lock coupler’ before a 
satisfactory application was developed, with the result that the 
car builders abandoned the conventional practice which had 
been in vogue for more than 20 years and lowered the center sills, 
taking all the stresses on the coupler instead of on the buffer and 
coupler. This change created an undesirable condition when 
new cars were coupled with older-type cars. To correct this con- 
dition, the specification for passenger cars was hastily changed 
and it is the writer’s strong conviction that this specification is 
causing an undue penalty when employing material other than 
low-carbon or so-called high-tensile steel. 

Three passenger cars were recently built for one railroad 
by three different carbuilders, one employing high-tensile steel, 
the second, stainless steel, and the third, aluminum. All three 
cars weighed substantially the same. The writer is satisfied that 
the reason for practically the same weight was not that one con- 
cern applied greater engineering skill than the other, but was 
solely due to arbitrary deflection requirements in the new speci- 
fication. The foregoing is, in the writer’s belief, substantial 
proof of the inconsistency in the existing specification and it is 
hoped that the Association of American Railroads will not stand 
in the way of progress, but correct this inconsistency. 


J. W. RaGspave.'? The author cites the case of a 79-ft coach 
which weighs 97,000 lb. To the uncalculating reader this 
weight may appear to be at variance with the weights more re- 
cently published (6). These figures approximate 104,000 Ib. 
One is apt to overlook the additional statement that they also 
refer to coaches having a length of 84 ft Sin. The difference in 
weight and the difference in length are almost exactly propor- 
tional, 

The author also refers to the Association of American Rail- 
toads specification which emphasizes the strength of the center 
sil in car construction. He does not mention the novel require- 
ment that deflection may govern instead of ultimate strength. 
While the writer is absolutely in sympathy with the spirit which 
inspired the new A.A.R. specification and with all of its other re- 
quirements, he has differed on this matter of deflection. It penal- 
wes the use of high-tensile steels such as stainless steel and it 
penalizes the Budd type of construction. On the basis of strength 
ilone, a stainless center sill of 8 sq in. would be sufficient. We 
are now using as much as 18 sq in. If we “floated” the center 
‘ill instead of making it an integral part of the structure, we 
could meet the strength requirement with 8 sq in. and have 
absolutely no deflection of the car body at all. But, this mem- 
ber should be made to serve a general structural purpose rather 
than to be a mere part of the draft gear. This belief costs us 


200 Ib. This weight might be used to better advantage else- 
where. 


After all, it is the resiliency of a structure which counts, not 
its deflection. An 800,000-lb end loading presumes a crash. 
Aresilient structure might better withstand this crash than an 


"Design of Typical Lightweight Coach,"’ Report of Mechanical 
Advisory Committee to the Federal Co-Ordinator of Transportation, 
Washington, D. C., 1935, pp. 597-678. 

"Chief Engineer, Stainless Steel Division, The Edward G. Budd 
Manufacturing Company, Philadelphia, Pa. 
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absolutely rigid one. The A.A.R. limits the deflection under 
this loading to 1 in. or less. A truly resilient car structure might 
hump up in the middle as much as 4 in. and yet suffer no damage 
other than to the trim. When we have a wreck, trim is of small 
consideration compared to passenger safety. The writer, there- 
fore, is opposed to the deflection clause of the A.A.R. specification. 

Another phase discussed by the author, and again in the 
interest of safety, relates to braking. He indicates that any in- 
creased braking must automatically involve some means of 
sanding. While this is quite true, the writer wishes to point out 
that wheel locking results largely from the peaks of the braking- 
torque curve and that these peaks are far more pronounced with a 
metal shoe-to-wheel braking than they are with the disk type of 
braking, such as has been developed by the company with which 
he is connected. The eventual development may well be not 


enly disk-type braking but automatic sanding and a torque con- 
trol. 


k. W. Testr.'4 The writer wishes to discuss several points, 
particularly the references involving stainless steel in comparison 
with the low-alloy high-tensile steels in car construction. The 
author states: ‘While it is true that the full use of the superior 
physical properties of stainless steel or the lightweight of alumi- 
num is limited to some degree by deflection requirements, it 
should be possible, by using these materials instead of low-alloy 
steel, to construct a lighter car of equal strength.” 

The writer is prompted to discuss this statement, principally in 
view of the publicity which has been given stainless steel, in 
which the virtues of the metal have been widely heralded to the 
complete exclusion of its eccentricities. It is felt that, in an en- 
gineering discussion of this kind, utmost care should be exercised 
not to foster any questionable ideas which may have been im- 
planted in the minds of readers by an overzealous publicity 
effort. Most readers do not have the opportunity carefully to 
study this enormous flow of publicity, hence, the value of such 
engineering papers as the present one. 

The author’s statement might be accepted without question 
by many, if consideration were given only to those physical prop- 
erties of stainless steel which are superior. Tensile strength 
is the property which has been generally overemphasized, not 
only in the case of stainless steel, but of other metals as well. 

A study of the tensile properties alone either of stainless steel, 
high-tensile low-alloy steel, or mild steel, as the basis for the 
selection of a material for passenger-car construction, is not the 
proper approach to such an important problem. A material 
with 4 times the tensile strength is not 4 times as strong. The 
word “strong” must embrace all the properties of a metal and 
the quality of each must be such that the metal will not fail under 
any of the conditions in which it is to serve. 

A very important requirement of a metal, if it is to be used in a 
structure, is that it have high compressive-stability properties. 
Dr. C. 8. Aitchison and Dr. L. B. Tuckerman of the National 
Bureau of Standards, in the introduction of their report No. 649 
to the National Advisory Committee for Aeronautics, clearly ex- 
pressed this idea as follows: 

‘During recent years, a remarkable expansion has taken place 
in the use of thin sheet and thin-wall material in lightweight 
structures, such as airplane wings and airplane fuselages. The 
strength of these structures is generally limited by the strength 
of certain members carrying compressive loads. These members 
have frequently been designed on the basis of the tensile prop- 
erties of the material. This is convenient as the tensile test is 
relatively simple and is widely used. However, it may lead to an 
unsafe structure, on the one hand, or an uneconomical structure, 


14 Assistant to President, Pullman-Standard Car Manufacturing 
Company, Chicago, Ill. Mem. A.S.M.E. 
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on the other hand, if the compressive properties of the material 
differ from the tensile properties. There is an urgent need 
for a method which makes possible a direct determination of 
compressive stress-strain graphs for thin-wall material.” 

Any material offered for lightweight car structures comes in 
this category and it is essential that the compressive stress-strain 
ratio of these materials be satisfactory so that sufficient stability 
may be assured. In case of a wreck, which must always be 
considered in the design of railway passenger cars, substantially 
every structural member may be called upon to resist high com- 
pressive stresses. 

It is a well-known fact, at least for the last several years, that 
compressive tests on 110,000-lb per sq in. yield strength 18-8 
stainless steel show a drop in the modulus of elasticity to 22,000,- 
000 at stresses as low as 44,000 lb per sq in. At 57,000 lb per 
sq in. stress, the modulus of elasticity has dropped to 19,000,000. 
In other words, a very important factor with reference to the 
ability of the metal to stand up as a column has been reduced 
in the ratio of 29 to 19, as the unit compressive stress was increased 
from zero to 57,000 lb per sq in. Compressive tests further 
reveal that, long before the stress has reached the alleged yield 
point of 110,000 lb per sq in., the modulus of elasticity has 
dropped to 12,000,000. Incidentally, under increase of tensile 
stress, test samples also show a reduction of the modulus of elas- 
ticity. At a tensile stress of 88,000 lb per sq in. the modulus of 
elasticity has decreased to 22,000,000. This is the disappointing 
quality of stainless steel which is revealed by stress-strain graphs. 
It is a major deficiency and it must be a limiting factor in the 
design of a structure using this material. 

We are not unmindful of the many good qualities of stainless 
steel but these, including its superior tensile strength, cannot 
be used to offset the deficiencies when the material is called upon 


to resist buckling, in which case the low and variable modulus of . 


elasticity becomes the weak link in the otherwise strong chain. 

A theoretical conclusion as to the weights of structures, based 
upon a comparison of the known properties of the metals in- 
volved, is at the best a precarious adventure, particularly so in 
the case of a passenger-car structure. It has been difficult, as the 
author stated, to make accurate weight comparisons of the dif- 
ferent types of structures used in passenger cars because of the 
dissimilarity in specifications. 

We have, however, one comparison available, which probably 
has been published since the paper was prepared. The following 
statement is quoted from the article in question: 

“Early in January the Pennsylvania ordered 15 dining cars, 5 
from the Pullman-Standard Car Manufacturing Company, 5 
from the Edward G. Budd Manufacturing Company, and 5 
from the American Car & Foundry Company. All of the cars 
are built to the same general specifications and are believed to 
represent the first instance in which three dissimilar sets of ma- 
terials and techniques of construction have been so employed.” 

In this instance, the stainless-steel car was approximately 
5000 Ib heavier than a similar car with a structure of low-alloy 
steel: 


Stainless steel: 118,170 lb; designed and built by Edward G. 
Budd Manufacturing Company. Low-alloy steel: 113,240 
Ib; designed and built by American Car & Foundry Company. 


It is felt that the author has dismissed too lightly the economic 
aspects of the stainless-steel car. If there have been instances 
where bids on cars with stainless-steel structures, including the 
variety of equipment, accessories, and trucks, have by some 
method been reduced to the total price of other cars having low- 
alloy-steel structures, it would appear that this total car price is 


is ‘*Pennsylvania Receives Diners From Three Builders,’’ Railway 
Age, vol. 107, 1939, p. 469. 
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of little significance in an engineering analysis of the relative 
costs of the two body structures. The cold facts are that 
stainless steel costs 30 to 40 cents more per lb than the low-alloy 
steels. If no decrease in weight can be obtained by the use of the 
high-priced metal, the body structure alone will be penalized for 
material only, as much as $8000 to $10,000 per car. Recent com- 
petitive bids have fully reflected this differential in cost of ma- 
terials. 

It has not been the writer’s purpose to advance the opinion 
that stainless steel is not a suitable material for passenger-car 
structures. By the recognition of its deficiencies it can be 
successfully used. We doubt the possibility of producing a car 
of stainless-steel structure which will weigh less than a car of low- 
alloy high-tensile-steel structure and which will be of equal 
strength. Even though high-tensile stainless is nowhere used 
structurally in any important way in vehicles engaged in major 
transportation, except in the case of railway passenger cars, it is 
believed that no one disputes the propriety of such use. The 
one question in relation to its use is that of economics, namely, 
as to what it may prove to be able to do toward cheap mainte- 
nance in order to justify the substantially higher investment. 


J. R. Tuompson.'* The writer has been with the Bureau of 
Valuation of the Interstate Commerce Commission since the 
valuation work started in 1914, and has also been assigned to 
cooperate with the Depreciation Section of the Bureau of Ac- 
counts since the depreciation order affecting equipment was put 
into effect in 1934. In this connection, they have been interested 
in the service life of all railway equipment in the United States 
and, in recent years, particularly in the new designs of locomo- 
tives and passenger-train cars. Therefore, it will be helpful if the 
author in his closure will comment further upon the life expec- 
tancy which modern Diesel locomotives and lightweight pas- 
senger-train cars may attain. 


Vicror R. Wittovcssy.'? The A.A.R. passenger-car speci- 
fication, wherein additional strength in the end portion of the 
center sills and the end sills is required, is in the writer’s opinion 
a very necessary requirement, especially where the new light- 
weight equipment is operated in the same trains with the old 
heavier equipment having high center sills. It is true that this 
adds considerable weight to the underframe of the car but this 
additional weight is in the proper place and is of material value 
at the time of an accident. The author states that no cars exactly 
similar in type but of different materials and construction had 
been built. 

Recently there has been built a lot of 15 dining cars; 5 using 
aluminum, 5 using stainless steel and 5 using low-alloy high- 
tensile steel. These cars were all constructed to the same 
strength specifications, practically the same floor plans, and very 
similar equipment. 

The interior design of the stainless-steel car added about 700 lb 
to its weight, as compared with the low-alloy high-tensile-steel 
car. The differences in specialties amounted to a saving on the 
stainless-steel car of about 200 Ib, making a net weight credit 
for the stainless-steel car of 500 lb. The trucks were supposed 
to be identical. The dry weight of the stainless-steel car was 
nearly 5000 lb more than the low-alloy high-tensile-steel car, 
meaning that after adjustment, because of interior equipment 
and finish, the stainless-steel car weighed about 4500 lb more 
than the low-alloy high-tensile-steel car. 

It is the writer’s opinion that the modern passenger car, with 


16 Equipment Engineer, Bureau of Valuation, Interstate Commerce 
Commission, Washington, D.C. Mem. A.S.M.E. 

17 Vice-President in charge of Engineering, American Car & 
Foundry Company, New York, N. Y. Mem. A.S.M.E. 
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an over-all length of about 85 ft, meeting all the strength re- 
quirements of the A.A.R. specification, when equipped with 4- 
wheel trucks, will weigh in the neighborhood of 108,000 lb. 

The most important problems, which yet require solution, are 
better riding trucks and improved braking. 


W. E. Wooparp."* The author mentions the fact that steam- 
locomotive designers are studying the question of improving 
their designs, particularly for high-speed work, and out of this 
will probably come some valuable recommendations. He speaks 
of this as in the future. The writer will mention some results 
already accomplished in this direction. 

Fortunately, the writer’s experience relates to a locomotive 
which has a little less than 4000 ihp, so the data are comparable 
with the 4000-hp Diesel mentioned in the paper. 

The method of comparing modern locomotive types, as used 
by the author, is open to question. For the steam locomotives 
the weights are given with a full load of coal and water. This is 
an unfair basis of comparison, so far as the steam locomotive is 
concerned, and makes the figures look extremely favorable for the 
Diesel. If we use two-thirds coal and water in the tender, the 
comparison can be made much more nearly on the basis of ac- 
tual conditions of continuous operation. Moreover, this is the 
figure used in all tests'® and comparisons of the Association of 
American Railroads. 

Using this basis, the steam locomotive, to which reference has 
been made, compares as follows: 


Diesel Steam locomotive 
locomotive 4-6-2 type 
4000 
Weight ah og two-thirds fuel and water, 
6096002 506000 
Weight of locomotive only, Ib.......... saves 330800 


© Latest published weights of 4000-hp Diesel. 


Actual drawbar pulls have been secured from this 4000-hp 
steam locomotive and the curve looks very much different from 
that given in Fig. 1 of the paper. The steam-locomotive 
drawbar-pull curve crosses and goes above the Diesel at about 
4) mph, touches almost 3000-drawbar hp at about 65 mph, and 
remains above the Diesel curve all the way to 100 mph. Sucha 
drawbar-horsepower curve gives operating characteristics far 
better than the steam-locomotive curve in Fig. 1. 

The author mentions the accelerating abilities of the Diesel 
lbeomotive as compared with steam locomotives. On all runs 
i passenger service, except strictly local, the ability to reac- 
telerate from 40 mph up to about 70 or 75 mph is far more im- 
portant than the rapidity with which the train reaches 40 mph. 
Almost any division, say of 200 miles in length, has at least five or 
ix slowdowns; it is the ability to reaccelerate at these points 
which counts. In other words, normally there are five or six 
towdowns to one start from zero speed. This is the reason why 
the increased drawbar-horsepower curve of the 4000 ihp steam 
beomotive at 40 mph and above is of such vital importance, 
particularly in high-speed work. 

As an example of what a 4000-hp steam locomotive is doing in 
‘gular service, some interesting runs recently made with a 13-car 
vain, weighing approximately 900 tons, are mentioned as follows: 


Distance traveled 98.3 miles at a speed of 83.07 mph 
Distance traveled 78.8 miles at a speed of 84.4 mph 
Distance traveled 25.1 miles at a speed of 100.4 mph 


These figures are from the official train sheet. The maximum- 


* Vice-President, Lima Locomotive Works, New York, N. Y. 
A.S.M.E. 
“A.A.R, Passenger Locomotive Tests,’’ Report of Association of 
wen Railroads, Chicago, IIl., October, 1938. 


speed stretch of 25.1 miles was over rolling profile (not all down- 
grade). 

In the case of a 12-car train, consisting of standard Pullmans 
and diners, weighing about 1100 tons, a maximum speed of 96 mph 
was attained on the run from Fort Wayne, Ind., to Crestline, O., 
which was accomplished in 2 hr flat, 5 min less than the “Broadway 
Limited’s” schedule. One stretch of 116.4 miles was negotiated 
at a speed of 74.3 mph. 

These are not mentioned as outstanding, simply because they 
were high-speed runs. Many such runs have been and are 
being made. The writer wishes to emphasize the fact that they 
were accomplished with a 4000-hp steam locomotive, the loco- 
motive itself weighing 330,800 Ib. This locomotive did not have 
any special crew or preparation. The runs were made in regular 
‘pool service.” 


AvuTHOR’s CLOSURE 


Mr. Cook presents theoretical calculations indicating that the 
cost of fuel for Diesel and steam locomotives should be equal. 
The figures given in the paper are actual performance data for 
similar operations and the author feels that such data are more 
reliable than any estimates which might be made. 

There is no basis for the theory that the maintenance expense 
for Diesel engines increases with the increasing age of the equip- 
ment. Thirty years’ history with rail motorcars refutes this 
theory. Furthermore, the comparisons made by the author in- 
volve comparatively new steam locomotives as well as new Diesel 
locomotives. The steam locomotives referred to in the study 
of maintenance costs were built in 1928 and the figures were taken 
from records for the years 1930 to 1935. The figures used for 
the Diesel locomotives were taken from records for their first 4 
years of service. 

There is a misunderstanding of the methods mentioned as 
being used in making dynamometer-car tests. In testing a new 
type of locomotive, various train consists are used on numerous 
runs, so that the maximum performance can be checked. The 
steam locomotive referred to was not working below capacity 
at high speeds, but was being worked to maximum capacity. By 
maximum indicated horsepower the author refers to the maximum 
computed from the many hundreds of indicator cards taken dur- 
ing the various tests. 

A question is raised regarding the comparison shown for 
thermal efficiency. The author made the comparison on exactly 
the same basis, that is, the same trains were handled on the same 
schedule. 

Mr. Jones raises an interesting point as to the extra power re- 
quired by the use of large axle generators, in connection with air- 
conditioning equipment. The author feels that the best answer 
to this problem is in the use of the steam-ejector system of air 
conditioning, wherein the power is secured from the locomotive 
boiler. The suggestion for the use of a head-end electric power 
plant to provide electricity for the cars may be suitable for certain 
conditions but its disadvantage lies in the fact that nonwired 
interchange cars could not be used in such trains. 

It is undoubtedly true that locomotives with too low a onhe 
of gravity may produce serious lateral forces. It is noted from 
Mr. Jones’s curves that the ideal height for the center of gravity 
is approximately 4 ft 6 in. This is the approximate height for 
Diesel locomotives, whereas the center of gravity for steam 
locomotives is considerably higher. The stress curves shown in 
Fig. 2 of the paper indicate that the Diesel locomotive does not 
produce any undue rail stress on curves. The question is asked 
why rail stress increases more rapidly with speed under loco- 
motive tenders than is the case under Diesel locomotives. This is 
probably due to the fact that there is a greater shifting of wheel 
load in high-speed operation with steam locomotives than with 
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Diesel locomotives. Most track stress tests with steam locomo- 
tives have indicated this shifting of load. 

The author does not agree with the inference that stresses 
developed under driving wheels are not serious unless rails are 
kinked. Higher stress must result in greater punishment to the 
rail and more chance of failure. It also results in increased road- 
bed-maintenance expense. 

The curve presented by Mr. Lipetz for drawbar horsepower of 
a steam locomotive does not go beyond 85 mph and no figures 
are given to indicate how it droops beyond that point. His cal- 
culation of theoretical time for acceleration is interesting but in 
the dynamometer-car tests referred to in the paper different re- 
sults were obtained. In mountainous territory, where there is 
sharp curvature, speeds are often brought below 40 mph. Fur- 
thermore, in service the steam locomotives do not appear to pro- 
duce their theoretical power at all times. Most of the tests are 
made under the best operating conditions. The human element, 
the element of weather conditions, and the condition of locomo- 
tives all play an important part in steam-locomotive operation, 
whereas the performance of Diesel locomotives is much more 
uniform. There is no skill required to apply the power; rail con- 
ditions have very little effect because of nonslipping character- 
istics; and very cold weather is in no way detrimental to the 
Diesel. Another factor which appears to be a distinct advantage 
in the Diesel or electric locomotive is the continuity of the torque. 

The author does not feel that the lack of cross-balance on other 
than the main wheels of a steam locomotive has any appreciable 
effect on track stress. It is not understood how Mr. Lipetz ar- 
rives at the figures quoted for maximum rail stress. It appears 
that there has been a misunderstanding of the diagrams Fig. 3, of 
the paper. The actual maximum stress at 100 mph is 27,000 lb 
for a steam locomotive and 17,000 lb for a Diesel locomotive at 


the same speed. Thus the increase for the steam locomotive is 
about 60 per cent instead of the 12 per cent referred to. It is 
undoubtedly true, as Mr. Lipetz states, that some locomotives 
have been built which may show a better performance than the 


one referred to in the paper. It is also true that a great many 
locomotives show poorer performance. It may be noted that the 
particular steam locomotive therein recorded was a strictly mod- 
ern high-speed locomotive built in 1938, and therefore, should be 
fairly representative of present-day power. 

As regards permissible speeds of operation on curves, the best 
indication of the facts is the definitely higher speeds permitted 
for Diesel locomotives than for steam locomotives on individual 
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railroads. These rules have been based on actual experience. 

As regards comparative costs of operation, the author does not 
believe it possible to compare operation on different railroads, 
because of the fact that operating conditions, traffic conditions, 
and equipment-maintenance conditions are different. It is for 
these reasons the author confined his comparisons to trains 
operating on one railroad. 

The author does not agree that the success of the Diesel has 
been due to its novelty, steamlining, ete. In various parts of the 
paper the economic reasons for the success of the Diesel engine 
have been brought out. Economy of operation is the governing 
factor in the selection of any type of power. 

The comments of Mr. Nystrom, Mr. Ragsdale, Mr. Wil- 
loughby, and Mr. Test indicate the wide difference of opinion 
which exists regarding materials and design best suited for light- 
weight passenger-car construction. The major parts of a pas- 
senger car must be designed to have strength characteristics far in 
excess of what is needed for ordinary operating conditions, in 
order to stand up in case of wreck. The best criterion is a study 
of wrecks which have actually occurred with equipment of various 
designs built with different types of lightweight materials and 
also the old-style heavy equipment. The author’s observation o/ 
these results leads him to believe that the importance of deflec- 
tion requirements has been exaggerated. What is desired in 4 
passenger car is protection to lives of passengers in case of wreck 
rather than to minimize the damage to equipment. This feature 
should be the primary object in designing passenger cars. The 
author does not have the data upon which to base a comparison 
of the weights of the diners referred to in the discussion, but it is 
his understanding that there were certain requirements in the 
specifications which did not permit of the manufacturers design- 
ing the cars to make maximum usage of all the strength proper- 
ties of the particular materials which they used. 

Mr. Thompson requests further comments on service life 0! 
Diesel locomotives and lightweight passenger cars. There is 1 
reason why this equipment should not have just as long physica 
life as the older types. However, there is a question as to how 
rapid will be the rate of obsolescence. Because of the Diese. 
power as well as the lightweight car construction being new de 
velopments, it is possible that there may be many improvements 
developed during the next 10 years, which would affect the rate 
obsolescence to a greater extent than has been the case in the pas 
with the older-type equipment, when there was much less nev 
development work going on. 
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Steam-Boiler Performance and a 


Method of Comparison 


By E. G. BAILEY,' NEW YORK, N. Y. 


This paper presents data from two methods of determin- 
ing rates of heat absorption in different sections of steam- 
boiler units. One by direct measurement of evaporation, 
first published in France in 1874, describing French loco- 
motive-boiler tests, is compared with recent data on 
modern furnaces using the gas-temperature-weight 
method. A method of comparing data from all types, 
kinds, and sizes of boiler units at diverse rates of output is 
presented. It consists briefly of plotting “‘heat absorbed’’ 
in per cent of total heat available against ‘“‘equivalent sur- 
face area,”’ which results in all points, having the same Btu 
available per sq ft per hr, being on the same ordinate. 
Representative data from modern stationary and marine 
boilers are compared, together with the data from the 
French locomotive-boiler tests of 65 years’ standing. 
Data on volumes of furnaces and entire boiler units are 
given together with draft losses and efficiencies. 


HE three branches of steam engineering—locomotive, 
marine, and stationary—have developed their individual 
terms with respect to rates of boiler output and performance. 
Some of these terms are becoming less significant due to varieties 
of fuel, the addition of superheaters, economizers, air heaters, etc. 
However, there are common bases for comparison which can and 
should be used in ways that will be universally applicable to all 
forms of fuel-burning and heat-absorbing equipment. One of 
the principal purposes of this paper is to present a method which 
is believed to be of value, not only in comparing boilers of different 
types, but also in comparing more accurately the relative results 
‘om similar boilers. 
As a basis for comparison with the modern locomotive boiler, 
hich is being covered in another paper from the A.S.M.E. Rail- 
nad Division,? data are given in this paper on the performance 
if present-day stationary boilers. Because of the great diversity 
i boiler types, a really comprehensive treatment of the subject 
8s not been possible within the space limitations. However, it is 
elieved that the most value can be obtained by giving perform- 
ince data from a few representative types of modern stationary 
vilers, and presenting them in a form which may be readily com- 
ured with similar data from locomotive or other boilers. 
Coal-burning locomotives are fired by hand or stoker and none 
reatly exceeds an output of 100,000 lb of steam per hr. Many 
xomotives in the South and West are oil-fired. In order to 
tke the results more directly comparable, the stationary-boiler 
ta presented herewith are taken from boilers of a smaller size 
tan is normally used in central-station practice and with work- 
{pressures approaching those now used in locomotives. 


President, The Babcock & Wilcox Company. Mem. 


*“The Locomotive Boiler,” by C. A. Brandt, Trans. A.S.M.E., 
. 62, July, 1940, pp. 379-419. 

Contributed by the Power Division and presented at the Annual 
‘eting, Philadelphia, Pa., December 4-8, 1939, of THe AMERICAN 
TETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
wood as individual expressions of their authors, and not those 
the Society. 
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In addition to hand, stoker, and oil firing, one unit burning 
pulverized coal is included, since many stationary boilers are 
now designed for burning pulverized coal, oil, or gas without any 
change in the equipment. Some marine-boiler performance data 
are also given to show wherein conditions aboard ship have in- 
fluenced the design and performance requirements. 

While boiler efficiency is the final basis of comparison, with a 
complete heat balance to show the distribution of heat losses in 
unburned fuel, stack gases, excess air, ete., it is of further impor- 
tance to know the distribution of heat absorbed by the boiler, 
superheater, economizer, and air heater and, from the surfaces of 
each, to know the average rates of heat absorption of these com- 
ponent parts. The absorption of radiant heat in the furnace, the 
effect of slag, cleanliness of heating surfaces, and the absorption of 
heat in different parts of the boiler sections are also factors of 
importance in connection with the design of furnaces and boilers, 
as well as in the operation of the fuel-burning and steam-generat- 
ing equipment. The latter information is not obtainable from 
present standard tests. 


MertuHops oF MeasurinG HEAT ABSORPTION 


An interesting study of the rates of heat absorption in different 
sections of the firebox and boiler tubes of a small locomotive 
boiler was made between 1860 and 1864 by the Northern Rail- 
way of France,’ where a boiler divided into five sections was built 
and the evaporation was determined separately in each section. 

Another method of determining the rate of heat absorption in 
different sections of furnaces and boilers was described by the 
author in a previous paper‘ before the Society. This method 
determines heat absorption by measuring the furnace gas tem- 
peratures and gas weights at consecutive stages in the travel of 
the gases, the difference in the heat content of the gases between 
any two points in the gas travel being the heat absorbed by 
radiation and convection by any surface between these points. 


Resu.ts From Heat-ABSORPTION TESTS 


A diagram of the French locomotive is shown in Fig. 1.6 The 
firebox was 3 ft square at the grate, and there were 125 tubes 
about 17/sin. diam and 12 ft 4in. long. The five divisions of the 
boiler were arranged for continuous gas flow and separate water 
levels were maintained. The evaporation from each section was 
determined by a number of tests at different ratings. Three 
tests at the highest draft used have been selected for presentation 
and the essential data are given in Table 1. Tests A-1 and A-2 
were made with briquettes and test A-3 with coke. Test A-2 
was run with half of the tubes plugged and the total evaporation 
was about 87 per cent of that obtained in test A-1 or at about 62 


’**The Practical Physics of the Modern Steam Boiler,” by F, J. 
Rowan, D. Van Nostrand Co., New York, 1903, p. 143. 

‘‘Permanent Way Rolling Stock and Technical Working of Rail- 
ways,”’ by C. H. F. Couche (translated from the French by J. N. 
Shoolbred and J. E. Wilson), vol. 3, Dulau and Co., London, 1878. 

‘“‘Vaporisation Decroissante en Progression Geometrique,” by Paul 
Havrez, Annales du Génie Civil, vol. 3, 1874, pp. 520-528 and 545- 
564. 

‘**Modern Boiler Furnaces,’’ by E. G. Bailey, Trans. A.S.M.E., 
vol. 61, Oct., 1939, pp. 561-569. Discussion, pp. 569-576. 

5’ Reproduced from reference (3), by F. J. Rowan, Fig. 69. 
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TABLE 1 


TRANSACTIONS OF THE A.S.M.E. 


TEST DATA ON FIVE SECTIONS OF FRENCH LOCOMOTIVE BOILER 


A-! A-2 
2 BS0HLER FIGs 
RATED STEAM OUTRUT -1B./HR. 
STEAM OUTPUT ON TEST -18./HR 7934 5830 
5 STEAM PRESSURE - 4B./58.1N. GA. 80 80 
. 6 SATURATION TEMPERATURE - OF 324 324 324 
7 STEAM TEMPERATURE SUPERMHEATER OTLET - °F SATURATION 
8 FEED WATER TEMPERATURE - 60 60| | 
Aik TEMPERATURE LEAVING AUR HEATER F - -| - 
METHOD OF FIRING HAND FIRED GRATE 
WIND OF FUEL COAL BRIQUETTES, COHE 
28) GRATE AREA OR FURNACE CROSS SECTION - SQ.FT. 9 
18. OF FUEL PER HR. DWIDED BY ITEM 108.7 3 85.7 
7 HEATING VALUE OF FUEL "AS FINED” ATU/LB. ® 13000\| 13000 12000 
TOTAL HEAT AVANABLE ABOVE B0°F - MULION BTU./HR 69 10.14 8.34 
= UBERATION - /TEM 27 DIVIDED BY ITEM 39 - BEU/CUFTHR. 354000 | 307000 | 253000 
a 29 [TEM 27 DIVIDED BY ITEM 41 - BIU/SO.FT. WR 
FIREBOX 152200 | 153700 | 108700 
£20 157 DIVISION 45700 | 65300 | 32600 
26900 | 41400| 19 
19030 | 30300| 13¢ 
14750| 23900| 10530 
GAS TEMPERATURE LEAVING UNIT 373 373 373 
[35 HEAT ABSORBED - CUMULATIVE DIVIDED BY /TEM 27- Yo 
FIRE BOX 22.5 34.9 25.1 
15%. OIV/SION 53.6 56.3 51.5 
a] 65.9 67.3 656 
> » 73.5 73.9 741 
= 78.5 -6 81.0 | 
2 [39 FURNACE VOLUME -CU.FT. 33 33 33 
SURFACES - CUPMLATIVE SQ.FT. 
F/REBOX 76.8 65:9 76.8 
DIVISION 256.0 | 155.4 | 2560 
35.2 | 244.9| 4352 
= 30. 6/4. 4 334.4) Gi4.4 
am» 793.6 | 423.9 | 7936 
42 EQUIVALENT SURBACE (500 2I)XITEM Al - 
S FUREBOX 3285| 3240| 46/0 
15%. QWISION 10950| 7060| 15330 
Foie 2m» 18670| 12070| 26100 
3a 26300| /6490| 36850] 
ye; 22 | 2: 33950| 20850| 47600 
VOLUME OF ENTIRE UNIT CUFT. 320 320 320 
4 (TEM 27 DIVIDED BY /TEM 43 - 36500| 3/700 | 26/00 
> 1S TOTAL ORAFT LOSS - INCHES OF WATER 3.94 3.94 3.94 
oJ 792 $6 7 QWERALL EFFICIENCY - Yo 72.2 72.3 72.9 
= @ SSTIMATEO MY OR - COMBUSTION APRIL -/93BB 
Sidam s 
7 ee val per cent higher rate on a basis of heat available per sq ft of active 
Fire Box. 
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Fie. 1 DraGRaMMATIC ARRANGEMENT OF LOCOMOTIVE BOILER 
(NORTHERN RaILWaAy OF FRANCE), SHOWING Drvis1ons OF HEATING 


SURFACE AND RELATIVE EVAPORATION FrRoM Eacu Division 
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ACTUAL HEATING SURFACE, SQ FT CUMULATIVE (ITEM 41) 


Fie. 2 Herat ABSORPTION IN FRENCH LocoMoTIVE BoILER PLorreDp 


Against ActuaL HEATING SURFACE 
(Boiler of Fig. 1 and Table 1; tests A-1, A-2, and A-3.) 


heating surface. With the same draft the coke gave a lower rate 
of evaporation. The heat absorbed, expressed as a percentage of 
the heat available for absorption, item 35, Table 1, is plotted in 
Fig. 2 against cumulative actual heat-absorbing surfaces, item 41. 
No useful comparison of these fuels and rates of output can be 
readily obtained from this plot because there is no way in which 
the rate of heat available or rate of heat absorption can be 
graphically indicated. 

Tests B-1 and B-2 from Table 2 were obtained from the pulver- 
ized-coal-fired boiler of Fig. 3, rated at 100,000 Ib of steam per hr. 
These tests are plotted in Fig. 4, which repeats test A-1, but to 
scale suitable for plotting the B series. In this boiler the ash is 
removed in a dry form by blowing it from the flat water-cooled 
floor to the hopper at the end away from the burners. A certail 
amount of dry sponge ash accumulates on the water-cooled fur- 
nace walls and roof, which are not normally cleaned; the ash 
reaches an equilibrium by falling by its own weight from time to 
time in small amounts. The heat absorptions in the furnace and 
the different sections of the boiler tube banks, item 32, wer 
obtained by the “gas-temperature-weight” method previously 
referred to, a brief detailed description of which may be in order. 
Test data are taken which include items 4 to 27, inclusive, o 
Table 2, the principal purpose being to determine the total hest 
input, item 24; the total heat available, item 27; and the tote! 
gas weight, item 20. 

The total heat available, item 27, is the total heat from the 
fuel actually burned, plus the heat in the preheated air above %) 
F, minus the latent heat in the moisture from the fuel and from 
the burning of hydrogen. In other words, it is the sensible hes! 
in the gases of combustion which is available for absorption bY 
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radiation and convection by any heating surface over which it 
may pass. 

Another very important determination is item 30, wherein the 
average true gas temperature is obtained at different points in the 
path of gases by means of the high-velocity thermocouple.® 
From these temperatures and the gas weights, the total heat 
absorbed in each section, item 32, is determined. 

Item 36, Btu absorption per sq ft per hr for the different sec- 
tions is also very interesting. The actual furnace heating surface 
istaken as the projected area or envelope of all water-cooled fur- 
nace areas, with no factors for cleanliness or different kinds of 
cooling surfaces except in the case of spaced tubes with refractory 
behind or between, where Hottel factors? are applied. 


Boiler, 


‘The Accurate Measurement of High Gas Temperatures,”’ by 
H. F. Mullikin, Power, vol. 78, 1934, p. 565. This high-velocity 
thermocouple is inserted into the gas stream at any desired point in 
the furnace and, by an aspirator, gas is drawn across a shielded thermo- 
couple at a sufficiently high velocity to bring the couple close to 
the true gas temperature, free from surrounding radiating influences. 

7™Radiant Heat Transmission Between Surfaces Separated by 
Nonabsorbing Media,”’ by H. C. Hottel, Trans. A.S.M.E., vol. 53, 
1931, FSP-53-19b, pp. 265-271. Discussion, pp. 271-273. 
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hie. 3 PULVERIZED-COAL-FIRED BOILER FOR STATIONARY SERVICE 
Wits INTEGRAL WATER-COOLED FURNACE 
(Data given in Table 2.) 
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superheater, economizer, and air-heater heating surfaces are taken 
as the full tube circumference, plus any other exposed surfaces 
in contact with the actively flowing gases of combustion. No 
factors for tube arrangement, spacing, or mass flow are used 
because it is thought best to keep all units on an actual area and 
Btu available basis and to study the comparative results for the 
effect actually resulting from different forms of surface, fuel and 
ash characteristics, values of excess air and mass flow, etc., as de- 
termined from test data. 

Many other data and calculations are included in the complete 
test, but only the essential ones pertinent to this paper are in- 
cluded in Table 2. 


>~wW 
HAND-FIRED 
4 as { BORER OF FIG. (TABLE 1) 
B-2 BOILER OF FIG 3 (TABLE 2) 
z Seen —LEGEND— 
soll DESIGNATION OF HEATING SURFACE TYPE 
FURNACE 
S40 SUPERHEATER 
— — SUPERHEATER 
tH —.--— SATURATED SURFACE AFTER 
| SUPERHE ATER 
3 AIR HEATER 
+ + + + 
10 + + + 
0 i | 
25,000 


10,000 15,000 20,000 
ACTUAL HEATING SURFACE ,SQ FT CUMULATIVE (ITEM 41) 


Fig. 4 Heat Assorprion IN FRENCH LocoMoTIVE BOILER AND IN 
PULVERIZED-COAL-FIRED BoILER PLoTrep AGAINST ACTUAL HEaT- 
ING SURFACE 


(Boiler of Fig. 3 and Table 2; tests B-1 and B-2, also comparative plot of 
curve A-1l from Fig. 2.) 


During test B-1, the boiler produced 105,900 lb of steam per hr 
and, during test B-2, 83,300 lb per hr. The higher rating test 
shows a lower percentage of heat absorbed, but there is no indica- 
tion from the plots themselves, as given in Fig. 4, as to the relative 
rates of output or the relative performance. Test A-1 plotted 
on the same scale of actual surface is still further from being on 
any useful basis of comparison with the other two curves in Fig. 4, 
and yet all three curves are plotted on basic units of great sig- 
nificance; viz., actual heating surface and per cent of available 
heat absorbed. Neither does one obtain any really satisfactory 
comparison of the relative results from these boilers at the differ- 


ent rates of output by examining all test data relating to them in 
Tables 1 and 2. 


CoMPARISON ON EQUIVALENT-SURFACE-AREA BasIs 


In Fig. 5 the heat-absorption percentages of tests B-1 and B-2 
are plotted to ‘equivalent surface area’’ instead of actual area. 
This simple expedient brings into the diagram a rate-of-input 
factor. The corresponding points of the lower-input test are 
plotted at higher scale values of equivalent surface areas in order 


to maintain relationship with tests of greater heat input such that 
all curve intersections with a given ordinate line shall have the 
same actual Btu available per sq ft value. 


This equivalent surface area is given as item 42 in all tables. 
It is obtained by using the factor resulting from dividing 500,000,- 
000 by the total Btu available for absorption, item 27, on any 
test regardless of the size of boiler unit or its rating, and then 
multiplying this factor by the actual area in sq ft of all cumulative 
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20 x» 4 
EQUIVALENT SURFACE AREA, THOUSAND SQ FT CUMULATIVE (ITEM 42) 


Fie. 5 Heat ABsoRPTION PLOTTED AGAINST EQUIVALENT SURFACE 
AREA 
(Boiler of Fig. 3 and Table 2; tests B-1 and B-2. For legend see Fig. 10.) 


surface, item 41, under consideration, including the water-cooled 
portion of the furnace, and each successive additional portion of 
heating surface to include boiler tube bank, superheater, econo- 
mizer, and air heater if present. Each cumulative actual area, 
item 41, should be multiplied by this factor and plotted as equiva- 
lent surface area, item 42, against the total percentage of heat 
absorbed, item 35, by the corresponding actual surface area. 


1 8-2 
FIG 3 FIG mt 
RATED OUTPUT - LB/HR. 100000 100000 
4 STEAM OUTPUT ON TEST 105900 83300 
5 STEAM PRESS. AT SUPERNEATER OUTLET GA. 644 G43 
6 SATURATION TEMPERATURE - °F 498 497 
7 STEAM TEMPERATURE AT SUPERHEATED OUTLET - °F 825 796 
8 FEEDWATER TEMPERATURE 399 394 
9 TEMPERATURE LEAW. 6 APR HEATER - 5/3 497 
0 METHOO OF FIRING PULVERIZED COMM PULVER/ZED COAL 
HIND OF FUEL SEAM OUS BITUMINOUS 
12 GRATE AREA OR FURNACE CROSS SECTION- SB.FT 342 342 
13 LBS. FUEL PEP WR. DIVIDED BY 2 278 2/.3 
HEATING OF FUEL “AS FIRED” - 13950 13950 
16 % 4Y 16.3 12.8 129 16.7 13.7 E57 | 
FLUE GAS ANALYSIS-LEAVING SECTION 3.7 72 322 a4 64 
/8 » 0.0 a0 0.0 20 ao 
19 TOTAL COMBUSTION UR LEAVING SECTION Fo 121 /21 /50 151 117 7 1/43 
[20 WEIGHT WET GAS LEAVING SECTION WR. 130500 | 130500 | /30500| 157000 | /60000| 97400| 97400| 97400 | //7300\| 1/7300) 
2) HEART ABOVE 80°F - ENTERS SECTION-BTU/i8 GAS | 1038 605 495 313 |/44-80| /063 473 279 _|/33,lv-% 
MOISTURE BY WEIGHT IN FLUE GAS - Ye 43 43 43 a7 37 43 43 43 38 38 
ADIABAITIC TEMPERATURE - OF 36/0 3685 
24 HEAT INPUT FROM FUE! - MILLION BTU/HAR. 132.3 102.0 
25 PREMEAT ABOVE 80°F - BTU / 10.6 7.3 
26 TOTAL LOSSES -LATENT HEAT, CARBON BTU/HR. 74 57 
27 TOTAL HEAT AVAILABLE ABOVE 80°F 135.5 103.6 
28 LIBERATION 27 OWIDED BY (THA FP MR) 22500 /7/80 
ITEM 27 DIVIDED BY (TEA) Al - HR. 79900 | 49400| 27500| 10370| 5800| 6/i09 | 37800| 2/000| 79, 4430 
30 GAS TEMPERATURE LEAVING SECTION OF 2280| /900| /268| 647 3978\| 2285) /825| //46 G04 378 | 
3) MEAT AVAILABLE GAS ENTERING - MULION BTU/HR. 135.5 772 647 409 24.7| 103.6 591 46.03|  27./3| _/7.40) 
32 HEAT ABSORBED IMDIVIDUAL SECTION -AULLION BTU/HR. 56.3 14.5 238 16.2 10.6 445 13.07 /8.90 973 7.30 
133 NEAT ABSORBED CUMULATIVE BTU 56.3 708 94.0 108 121.4 445 57.57 76.47| 86.20| 9350) 
34 HEAT ABSORBED : SECTION DIVIDED BY 27- 416 10.7 175 78 430 12.6 18.2 9.4 7.1 
35 WEAT ABSORBED: CUMULATIVE DIVIDED BY 27-% 41.6 523| 8?5|  430|  556| 738| 903 
36 HEAT ABSORPTION: INDIVIDUAL SECTION - BTULSB.FT. 33200) 139700| 10850! 1995| 1/026 | 26200| 12500| 8610 1198 | 707 | 
37 HEAT ABSORPTION CUMULATIVE - HR. 33200 | 25700| /9200| 8480| 5/90 | 26200| 2/000 | /5500| 6600} 4000 | 
38 SOUIVALENT MEAT RECEIWING SURFACE TEMPLAATUREF| 20/0 1960| /362 2080| /932| 1/280 
[39 FURNACE VOLUME - CUFT. 6030 6030 
40 SECTION - SQ.FT 1@95 1043 | 2197 8//8 | 10320 1695| /043 2/97\| 81/8 | 10320 
Al SURPRACES : CUMULATIVE - 58.FT. 1695| 2738) 4935| /3053| 23373| /695| 2738| 4935| /3053| 23373 
EQUIVALENT SURFACE AREA _6250| 10/00 | 18/70 | 48200| 86200| 8/90| /3200| 23800| 63000| 1/2600 
43 VOLUME OF ENTIRE UNIT - CU. FR 26000 26000 
27 DIWIDED BY ITEM AS - BIU/ CUFT. 5220 3980 
45 DRAFT LOIS - 1. OF WATER TOTAL TO BONER OUTLET 0.83 an = 1.68 TOTAL TO BOLER QUTLET= 0.50 
46 TOTAL DRAFT PLUS AUR PRESSURE WATER 6.6 3.8! 
47 OVERALL EFFICIENCY | | 83.7 | 84.4 
100 | ] The arbitrary value of 500,000,000 Btu available per hr was 
Zw | ‘oe ae | = | | taken after much consideration. It is a nominal value corre- 
| sponding to many central-station boiler units. Some are much 
j | T | | ‘ 
3 80} + larger and many are smaller. It really makes no essential differ- 
< ne ence so long as the same unit is used as a standard for all boilers to 
= 70 WA | be compared. It is hoped that others applying this basis of com- 
parison will use this same standard for the sake of uniformity. A 
z + i. unit actually operating at 500,000,000 Btu available input per br 
5 30 via will be plotted with the actual surfaces equal to the equivalent 
Z L surfaces because the factor is unity. 
_ When comparing tests at different ratings on the same boiler, 
& | or any tests on any boiler, it is apparent that all cases at a given 
i | value of equivalent surface have identical Btu available per sq ft 
; 20 - Leckeal of the total surface up to that point. If the percentage of heat 
| 
ze T absorbed is not the same, it may be due to the cleanliness oF 
effectiveness of the surfaces passed over, the temperature, 
0 nosity, or mass flow of the gases or other factors, some of which 
ie. Ce may not be known or predictable without further study or tests 


One may easily determine the Btu available and the Btu absorbed 

hr f 500,000,000 
per sq ft per hr for any point on any curve, viz., ee aes 
= Btu available per sq ft per hr. This result multiplied by the 
per cent absorbed gives the average Btu absorbed per sq {t pe! 
hr for all surface cumulatively from the fuel bed or burner up © 
the point selected on the curve. For illustration test B-1, Fig. 5 
the entrance to the superheater lies on approximately 10,00 
equivalent surface, and therefore corresponds to 50,000 Btu avail 
able per sq ft per hr. The percentage absorbed is plotted at 52.5. 
hence the average rate of heat absorption up to this point * 
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ON OIL-FIRED STATIONARY BOILERS point including all surface of the unit up to the en- 


4,150 Btu per sq ft per hr. The slope of the curve at any in- 
iividual section is a graphie index of the rate of heat absorption 
that section. 

In Fig. 5, test B-1 shows 89.5 per cent of the available heat ab- 
sorbed up to the outlet of the air heater which has an equivalent 
urface area of 86,200 sq ft. Test B-2 shows only 86.8 per cent 
wat absorbed at the same equivalent area; this corresponds to a 
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EQUIVALENT SURFACE AREA, THOUSAND SQ FT CUMULATIVE (ITEM 42) 


he6 Heat ABSORPTION PLOTTED AGAINST EQUIVALENT SURFACE 
AREA 
(Boiler of Fig. 1 and Table 1; tests A-1, A-2, and A-3.) 


cC.7 a eo trance of the air heater plus about 46 per cent of the 
TO SLAP TO FIG area of the air heater. However, as the gases pass 
e008 ooo completely through the air heater, the heat absorbed 
459 45/ increases to 90.3 per cent, but the equivalent sur- 
463 46! face area is 112,600 sq ft, although the actual heat- 
565 
22) 28 ing surface is the same as on the other test. At the 
482 as ase 438 same actual stages in the boiler unit, test B-2 shows 
425 425 rating test B-1. This difference increases from 1.4 
4A per cent leaving the furnace to 3.3 per cent entering 
« 2. 13.1 12.8 /4.0 13.2 12.9 heater, and then diminishes to 1.5 per cent entering 
+3 344 36 31  theairh d0.8 leaving the air heate 
00 00 00 20 a0 Q0 e air heater and 0.8 per cent leaving the air heater. 
125 1a 125 134 135 123 123 123 73) 73] These are all taken from item 35 by subtracting the 
120/000 | 20/000 | 201000 | 214000) 216000 | 127500 | 127500) 127500 | /35000| 135000 i 
583 | 448 300 | 316 corresponding percentages from the two tests. This 
58 458 358 4 6/ G/ 6/ 58 | 38 indicates that the first boiler tube bank and the 
3343 3545 superheater are more responsive to increased heat 
nee 139.0 absorption due to increased heat input because of 
(3.4 a! the temperature and mass-flow factors. The adia- 
£76.0 132.0 batic or theoretical maximum combustion tempera- 
27800 17600 
727200| 57400| 48100 | 74380| 6720 36300| 30500| 9120| 4270| ‘ture of test B-2 is higher than on test B-1, hence 
2/ 1740 260. this will account for some of the difference in heat 
905| 270| 123| 663 absorbed in the furnace. 
905| 12%8\ /70.3| /877| 643 43 1120\ 122) The total heat absorbed by the B-1 and B-2 tests 
35| (3.0 59| /9.5| 84 50.2 62| 77 hi 
55400| 1/3500| /7850| 3990| 1054 | 40600| 8G00| 7/820| 20051 6/2 it must be remembered that this is on a Btu availa- 
5400 2£300 20000 1780| 6070 | 40600| 23000| 2/200| 7750 | 3940 ble basis, which is more nearly like the net or low 
711223 [3801 heating value often used abroad. The over-all effici- 
1@33| 2000| 690| /0/42| 16500| /633| 2000| 690| /0/A2| /6500| ency of the unit by the A.S.M.E. method is shown 
1@33\ 3633) 4323)| /A465| 309765| /033| 3633| 4323) /4465| 30965 
3920| 8740| 10390| 34760| 74400 6/80 | 137501 item 47 and plotted on the curves as a drop 
29/70 29770 point under the last point on the available basis. 
7/40 4530 
701A. TO BOLER 735 BOLER Q52 Comparison OF RESULTS AND BoILers 
14.6 a5 
‘i | 33.4 | | 36.2 The French locomotive tests are plotted on the 


equivalent-surface-area basis in Fig. 6. One can- 
not help but grasp immediately a realization of the difference 
between tests A-1 and A-2 due to the higher mass flow and better 
heat absorption resulting from plugging half of the tubes. There 
may also have been a lower excess air and higher adiabatic tem- 
perature in the firebox of test A-1, as it indicates a higher per- 
centage of heat absorbed in the furnace, contrary to the relation- 
ship at the corresponding points of Fig. 5. 
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(Boiler similar to Fig. 3, data given in Table 2; tests C-1 and C-2. 
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TABLE 3 


JULY, 
DATA FROM ELEVEN BOILER TESTS MADE ACCORDING TO 


1940 


o-/ | 


TEST 
2 BOLER 


AP 


3 RATEO STEAM OUTPUT 


22000 


4 STEAM OUTPUT ONTEST 


23200 


5 STEAM PRESSURE AT SUPERMEATER OUTLET - /58.1M, 


6 SATURATION TEMPERATURE 


494 


7 STEAM TEMPERATURE AT SUPERMEATER OUTLET - 


872 


8 FEEOQWATER TEMPERATURE - 


350 


9 TEMPERATURE LEAVING UR HEATER 


39/ 


10 METHOD OF FIRING 


HINO OF FUEL 


GRATE OR FURNACK CROSS SECTION - $8.FT. 


3 18. OF FUEL PER HOUR, O1W/OED BY 


HEATING WULUE OF FUEL "AS FIRED” ~ BTU/L8. 


SECTION OF UNIT 


(COz % BY VOL. 


FLUE GAS AMUVSIS -LEAVING SECTION, 


18 (co » » » 


19 TOTAL COMBUSTIONAVR LEAVING SECTIOW - Yo 


TOTAL. WEIGHT WET GAS £EAVIIVG SECTION - HR. 


2! HEAT ABOVE 80°F EWTERIMNG SECTION-BTU/LBEAS 


22 MOISTURE BY WE/GHT /N FLUE GAS - Yo 
23 AOIABATIC TEMPERATURE 


24 HEAT INPUT FUEL MALION BTU / Pe. 


25 TOTAL PREHEAT IN UR ABOVE 80°F » 


26 "OVAL LOSSES, LATENT HEAT, 


27 TOTAL HEAT AWALABLE ABOVE 80°F 


28 LIBERATION -/1TEM 27 WWIDED BY ITEPI - BTU/EUST HR. 


29 (TEM 27 DWIDED BY 


30 GAS TEMPERATURE LEAWIVS SECTIOLY OF 


3/ 


32 HEAT ABSORBED: SECTION BTU / MR. 


33 HEAT ABSORBED : CUMULATIVE » 


34 NEAT ABSORBED = INDIVIDUAL SECTION DIVIDED BY 1TEPIZT-%) 


35 HEAT ABSORBED > CUMULATIVE > 


36 HEATABIORPTION INDVIDUAL SECTION - BTU/SAFT. 


37 HEAT ABSORPTION CUMULATIVE 


38 


39 FURNACE VOLUME - CUFT. 


40 SURFACES: INDIVIDUAL SECTION SQ.FT. 


4l SURFACES: CUMULATIVE ” 


2263) 3222 


5/07 


80500) //4500 


18/500 


87500 | 124000 


43 VOLUME OF ENTIRE UNIT - CU.FT 


2/50 


2/50 


4h ITEM? 27 0WIDED BY ITEM 43 - BTU/CU.FT. HR. 


6020 


45 DRAFT LOSS INCHES OF WATER 


TOTAL TO OVTLE 


TOTAL TO OUTLE 


46 TOTAL DRAFT LOSS PLUS AUR PRESSURE _ » 


47 WERALL EFFICIENCY 


AP HEATER 
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Fig. 8 Sroker-Firep Martine BoILer 
(Data given in Table 3.) 


Fig. 9 O1-Firrep Marine BorLer 
(Data given in Table 3.) 
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CONVENTIONAL STANDARD TEST METHODS 


FIG 9 BENT TUBE | BENT TUBE | 
67000| 67000| 67000| 67000 
66070| 50900| 34280| 17200 16450 || 27400| 1/9500 
309 305 30! 224 125 
42 426 426 424 400 354 | 352 
O95 679 663 602 536 422 420 
2/1 2/6 210 Zi 2/6 100 94 
121 116 1/2 129 276 74 72 
MECHANICAL ATOMIZING BURNER STOMER STOHER 
Ou BMTUMNOUS COAL BITUMINOUS COM 
7.7 7.7 7.7 86.5 93.5| 935 
70.3 53.3 36.2 12.5 23.0 37] 26.9 | 
18625| /8625| /8500| (8625 10756|| 1/883\| 1/795 
5 13.3 12.2 10.9 14.2 129 13.7 
y, 3.0 44 3 6/ 6/9 5. 
0.0 20 0.0 Y) 0.0 0.02 0.01 
123 125 1/41 140 132 
92200) 66/00| 47600| 26/00 
960| 1/007 942 834 
6.3 66 @2 5.8 
33/5| 3445| 3260| 2965 
94.1 23.4) 21.5 29.6 
0.9 0.¢ 0.3 0.2 0.96 
66 43 a4 190 28 
88.4 66.0 206. 38.3 220 
208000| 156800 105600| 5/200 
/5800| 1/900\ 8020| 3880] 4550| 3050| 8500| 6000 
5/0 473 445) 4/6 
ag3z 
78.3| 49.5) /8/5| /908\) 320) 22. 
45 
896| 395| 896) 878| 234| 446 
Al? 
(4000 | 10670 | 7/75 | 3480 | 4000| 2820 | 7/00 | 5070 
424| 424 424 424 
2220 
55 S599| 5599) 4539| 6759) 4503| 4503 
3/700 | 42000\| 62500| 129000| 1/0000\ 1/64000\ 58800| 83500 
2070 | 2070\| 2070\| 2070 
700 | 32200 | 2/700| /0500 
253 756 230 
58/ 3.58 1247 | 
832 838| 838 83.2 84.! 775 


In comparing tests A-1 and A-3, it is noted that, even though 
the rate of heat available is lower on coke-burning test A-3, the 
percentage of heat absorbed is less, while normally it would be 
greater. This again may be due to a lower adiabatic temperature, 
resulting from either higher excess air or perhaps unburned CO, 
which might have been very likely when burning coke. Another 
factor is luminosity, as the coke would have been different from 
the briquettes. Many desirable data are lacking from these tests. 
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Tests A-1 and B-1 are shown in Fig. 10 on the equivalent-sur- 
face-area basis. It is noted how much more useful is such com- 
parison in contrast to that in Fig. 4, where they are both on the 
actual area basis. 

A boiler similar to that of Fig. 3, but fired with oil, was tested by 
the gas-temperature-weight method and the essential data are 
given in Table 2 and plotted in Fig. 7. Characteristics similar to 
the pulverized-coal-fired tests B-1 and B-2 are noted, i.e., the 
heat absorbed at the lower rate of input tests C-2 are higher than 
on C-1 for corresponding locations, but lower on the same equiva- 
lent-surface-area basis. 

The greater heat absorption in the oil-fired furnace, due largely 
to cleaner furnace walls, is brought out in Fig. 10, where curves 
B-1, coal-fired, and C-1, oil-fired, are plotted to the same equiva- 
lent-surface-area basis. The greatest difference is shown in the 
furnace, first boiler tube bank, and superheater. Beyond the 
superheater, the curves are substantially parallel, indicating 
about the same rates of heat transfer. The coal-fired boiler is 
operating at a 14 per cent lower Btu available per sq ft of total 
surface, and is 0.8 per cent lower in the percentage of available 
heat absorbed but is 0.3 per cent higher in over-all efficiency. 

The French locomotive test A-1 follows the pulverized-coal- 
fired test B-1 very closely, until the superheater is reached on B-1 
where it has a steeper slope and higher percentage rate of heat 
absorption between the 10,000 and 20,000 equivalent surface area. 
However, it loses out between the 20,000 and 32,000 equivalent 
surface area, where evidently the mass flow in the boiler tube 
bank is not as good as in the last two sections of the French loco- 
motive. It is also noted that the saturation temperature of 
steam in the French boiler is 324 F, while in B-1 tests the satura- 
tion temperature is 498 F, causing an appreciable difference in 
the rate of heat absorption at these corresponding parts of the 
units. 

The discussion so far has related to two kinds of boilers of three 
different sizes and with three methods of firing, hand, pulverized 
coal, and oil. Data from two methods of determining rates of 
heat absorption in different sections of the heating surface have 
been compared by a method which seems to have much value. 

Table 3 includes data from eleven additional tests, the data 
being limited to the conventional standard test method. Certain 
data from these tests are plotted in Fig. 10 to show the percentage 
of available heat absorbed by the boiler and also by the econo- 
mizer and air heater separately, where installed, and plotted 
against equivalent surface areas for comparison with the more 
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complete tests of the A, B, and C series and with each other. 
This is done because it is believed to be the best known method 
for obtaining a comprehensive picture of the relative ratings and 
efficiencies of some representative units in the marine and sta- 
tionary fields. 


MarkINE BOILERS 


A typical marine boiler with spreader stoker for coal firing 
is shown in Fig. 8. It has a rated capacity of 13,000 lb of steam 
per hr at 400 lb pressure and 750 F. Two tests are given in 
Table 3 as E-1 and E-2 and are plotted in Fig. 10. While the 
boiler itself shows relatively low efficiency at lower rates of heat 
available than others plotted, it is designed with an economizer 
and air heater to give very good final efficiency. 

Tests D-1 and D-2 are from an oil-fired marine boiler similar 
to Fig. 8, but of 22,000-lb capacity at 600-lb pressure and 850 F 
steam temperature. It is designed for high efficiency from the 
boiler itself and has an air heater also. It has less equivalent 
surface, smaller cubical content, and operates at higher draft loss 
than the stoker-fired marine boiler, and was operated at lower 
excess air. 

Another marine boiler for Navy use is shown in Fig. 9. Some 
of the data published by Brierly* are reproduced as tests F-1 to F-4 
in Table 3. This boiler is rated at 67,000 lb of steam per hr at 600- 
lb pressure and 700 F, but the tests reported are at 300-lb pressure 
to be more nearly comparable with present locomotive practice. 
As no sectional heat absorptions were obtained, only the over-all 
absorption by the boiler and superheater combined are plotted as 
triangles in Fig. 10. Even this serves well to show that this high- 
duty boiler has very good efficiency. It shows about 10 per cent 
better absorption of available heat than does the French loco- 
motive boiler at the same high relative rating of about 15,000 Btu 
available per sq ft of total surface per hr. This is undoubtedly 
due largely to the better arrangement of heating surface and gas- 
mass flow as indicated by the higher draft loss. It is significant 
to note the uniformly high efficiency at the wide range of outputs. 
Tests on the boiler at 600-lb steam pressure show about 1'/, per 
cent lower efficiency than those given for 300 lb pressure, due to 
the difference in the saturation temperature of the heat-receiving 
surface. 

Tests G and H are presented as representative of small stoker- 
fired stationary boilers of different types, design not shown. 
Test G-1 has an air heater which shows a comparable rate of heat 
absorption with other air heaters within the same available heat- 
rate range. 


ComPaRISON OF RaTiInGc, AND Drart Loss 


Several items which may be of interest in comparison with 
locomotive boilers or others are given in the tables but are not 
specifically discussed in this paper. Coal burned per sq ft of 
grate is given and, in order to enable a comparison with oil and 
pulverized fuel to be drawn, the equivalent cross-sectional areas 
of the respective furnaces are given and also the lb fuel per hr 
divided by this area. 

Btu per cu ft of furnace volume is also given, but it should be 
remembered that this is a very misleading factor when comparing 
furnaces of widely different size, even when burning the same kind 
of fuel. The total cubical contents of the boiler, including the 
outside dimensions of the casing, economizer, and air heater, may 
be of interest to some. 

Higher draft loss results from higher gas velocities, which are 
necessary if saving in space and the increasing of rates of heat 
absorption by convection are to be attained. All arrangements 

8 ““‘The Babcock & Wilcox High-Pressure Sectional Express Boiler,”’ 


by Lieut-Com. R. C. Brierly, U.S.N.R., Journal of the American 
Society of Naval Engineers, vol. 43, no. 4, Nov., 1931, pp. 511-561. 
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of heating surface are not equally effective, and no conclusions are 
now attempted from the small amount of data given. 


SUMMARY 


1 It is very desirable to know the actual rates of heat absorp- 
tion in different elements of a boiler unit for the purpose of com- 
paring effects of different rates of operation, different values of 
excess air, kinds of fuel, ash and slag behavior, and kinds of heat- 
absorbing surface. 

2 The direct method of measuring heat absorption by 
evaporation calls for segregation of heat-absorbing surface which 
is either very difficult or entirely impossible, due to boiler con- 
struction and interference with circulation. The engineers of the 
Northern Railway of France deserve great credit for having done 
a very good piece of test work which checks very well with later 
work by other methods. The heat absorbed in some parts of a 
boiler unit may readily be determined by the direct method, such 
as in the case of superheaters, some economizers, and air heaters. 

3 A-second method is possible, wherein the heat absorbed in a 
section of the boiler unit, such as the furnace or a tube bank, 
results from calculation using average gas temperatures and gas 
weights entering and leaving the section, the difference, allowing 
for any combustion of fuel taking place within the zone being 
measured, being the heat absorbed. 

4 Data obtained by either method is useful to engineers ex- 
perienced in calculating boiler performance, but others often find 
it difficult to grasp an accurate and complete realization of the 
relative importance and comparisons of different parts of a boiler 
unit or one with another. A simple method of comparison is 
presented which consists of plotting a curve showing the relation 
between the heat absorbed, expressed in per cent of heat avail- 
able, and the equivalent surface area wherein the heat was 
absorbed. 

5 The data presented have been restricted to relatively small 
stationary boilers which would be comparable with representative 
marine boilers, two of which are given, and modern locomotive 
boilers, data from which are available from another paper.’ 
These limited data are not sufficient to draw many conclusions 
regarding the factors of heat transfer by radiation and conveec- 
tion; however, some well-known facts are clearly demonstrated 
as being of outstanding significance when presented in this 
graphie form: 


(a) Radiant heat produces high rates of heat transfer, as 
shown by the steep slope of the curve. 

(b) Excess air and adiabatic temperature affect radiant heat 
greatly. This point is not fully brought out in this paper, 
because for the purpose of simplicity, furnace tests were 
selected with reasonably uniform adiabatic temperatures. 

(c) High mass flow and high mean temperature difference in- 
crease rates of heat transfer. Draft loss, and fan power 
or its equivalent, are necessary to produce high rates of 
heat absorption by convection, and high efficiencies with 
limited surface areas. 

(d) Surface is the principal requisite for heat absorption. It 
should be clean for high rates of heat absorption, but 
sometimes a covering of ash, slag, or other means is a desit- 
able aid toward complete combustion and for protection 
against too high a rate of heat absorption and to pass 
higher temperatures on to other surfaces such as supe! 
heaters, which will bring the total absorption to a more 
economical result. 

(e) Terms like Btu per cu ft per hr of furnace volume, Btu per 
front ft of furnace width, etc., should be used with cal 
tion, because they are not as fundamental in their impor 
tance as are some other factors. Pounds of oil per sq ft! 
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boiler is a basically sound standard, much used in marine 
engineering, but it becomes less useful with the further use 
of furnace cooling, economizers, and air heaters. Btu 
available per sq ft per hr seems to be fundamentally 
sound, but it needs definition as to its application to 
furnace alone or to the entire unit. Item 29, Table 2, 
gives this factor for each cumulative section of the boiler 
unit. It seems now that this value, including all surface 
up to the entrance of the superheater, is likely to become 
more used. It also is useful when applied to the furnace 
alone. 


6 Temperature of gases as measured at different points in the 
gas path is of great importance regardless of whether these tem- 
peratures are used in conjunction with gas weights to obtain heat 
absorption. A knowledge of temperatures at various points of 
the entire unit is essential in design and is useful in operation in 
connection with the behavior of ash and slag. The gas tempera- 
ture might well be plotted to the equivalent surface area for com- 
parison, but the excess air and air leakage at different points inter- 
fere with the same usefulness as is obtained from the heat- 
absorbed basis herein presented, hence in the interest of brevity 
for this paper such plots are omitted. Gas temperatures are 
given in the tables as item 30, and the adiabatic temperature as 
item 23. The adiabatic or theoretical temperature is useful as 
an index of the combined effect of excess air, moisture in fuel, and 
completeness of combustion. 

7 Heat absorbed and equivalent surface are undoubtedly 
the most important basie factors for comparison in studying 
boiler performance. 
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Discussion 


J.C. Hosss.’ Mr. Bailey’s use of the French tests illustrates 
dearly the relations between cause and effect. Each part of 
the steam-generating equipment being set up independently, there 
can be no question about the heat transfer and the work done. 

The curves show clearly not only the relationships indicated, 
but the slope of the curves, i.e., the increment heat absorbed by 
the increment heating surface, shows the punishment, if you 
please, being carried by the heating surfaces comprising different 
parts of the equipment. 

The writer wishes to emphasize by brevity rather than by 
voluminous discussion, the great value of a uniform distribution 
of energy absorption over the entire surfaces in so far as it is pos- 
ible, so that the apparatus may be more reliable and in the long 
run the operation more successful. 


R. S. Jutsrup." It would appear from the writer’s personal 
experience, that designers of steam-generating equipment, in their 
efort to secure a high efficiency in restricted furnace cavities fired 
by pulverized coal, are apt to lose sight of the physical and chemi- 
tal limitations of the coal which makes available this heat. 

Most coals have certain limitations; these may include low 
fusion temperature, generally resulting from high sulphur present 
i the fuel. . Again high volatile content may result in coking 
ind possible burning of the tips of pulverized-coal burners and 
‘xtremely long flame travel with resultant high temperatures en- 


"Vice-President in Charge of Manufacturing, Diamond Alkali 
*mpany, Painesville, Ohio. Mem. A.S.M.E. 
Engineer, Consolidation Coal Company, New York, 
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tering the convection surfaces. Also, low-volatile coals present 
the problem of maintaining ignition at low heat-output rates. 

Our knowledge of heat-transfer rates to water-cooled surfaces, 
both bare and refractory-covered when relatively clean, is now 
fairly well established. However, when such surfaces have be- 
come covered with slag, whether fluid, sticky, or spongy, the heat 
absorption of the surfaces is considerably reduced, and instead of 
the predicted heat extraction taking place from the gases in the 
furnace, they enter the convection surface at considerably higher 
temperatures which may exceed the fusion point of the ash par- 
ticles present in the gases. The result is a tendency for these 
sticky ash particles to build up at the heating surfaces. If this 
occurs on surfaces with restricted gas passages, the result is plug- 
ging of the gas passages and eventual outage of the unit. Again 
the presence of sulphur in coal, resulting in the formation of ferric 
sulphides when burned, may in furnaces operated at high heat 
liberation and temperatures result in a reducing atmosphere. It 
is also possible, but has not as yet been established, that reducing 
action of these pyrites results in attacking the surfaces exposed to 
this action. In any event, under high heat liberations these sur- 
faces tend to wash and eventually fail. This action results in 
boiler outage and increased maintenance costs. 

To attempt to reduce these failures, the surfaces are often built 
up to a greater thickness with a resultant lower heat-transfer rate 
and the possibility of high gas temperatures entering the generat- 
ing tubes, as mentioned. Thus in eliminating difficulty in the 
furnace, it may be transferred to the convection surfaces. 

Until such time as we have a better knowledge of the heat ab- 
sorption of water-cooled surfaces when coated with ash in its 
various forms, it would appear that a greater degree of conserva- 
tism should be exercised in the design of these units. 

A reduction of 1 per cent in the CO, at the boiler outlet will re- 
sult in approximately 200 F drop in the furnace-gas temperatures. 
This may mean the difference between high furnace maintenance 
and outage as against continuous performance with somewhat 
lower efficiency. Moreover, high heat releases per cubic foot of 
furnace volume, which is a measure of furnace temperatures de- 
veloped, can well be reduced for the same reason. 

Such a design would make available to the consumer a wide 
variety of coals, attractively priced, now handicapped by their 
physical and chemical limitations. 


E. B. Poweiu.'! The author has made available an astonish- 
ingly simple, logical, and direct method of graphic comparison 
for evaluating heating-surface effectiveness. The writer would 
urge that he eliminate at once the only suggestion of complex- 
ity, ie., the factor 500,000,000. Steam boilers of 500,000,000 
Btu per hr input rate will soon be outmoded. The method of 
heating-surface analysis in this paper will serve for years to come. 
With such repetitive use certainly ahead, why not immediately 
eliminate all unnecessary effort, even that of dividing by 2, and 
adopt a more rational, permanently acceptable multiplier, 106 or 
10°. Also, to assure instantaneous interpretation of the chart, 
Fig. 10, the writer suggests that the term “equivalent surface” 
be defined merely as the square feet of surface per Btu of total 
heat liberated or made available to the steam-generating unit 
per hour, with a factor of 10* or 10° applied to the quotient to 
secure a number of convenient size. Furthermore, it is sug- 
gested that this formula, abbreviated, should be consistently in- 
cluded in the title of the abscissas. 

In the closing paragraph, the author, in mentioning a deficiency 
of data for certain interpretative purposes, would seem to promise 
a subsequent paper discussing the influence of such factors as 
draft loss and arrangement of heating surface upon heat-transfer 
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effectiveness. The writer trusts he is correct in this inference. 
The author’s clarifying treatment of all factors in steam-generat- 
ing-unit heat transfer would be a tremendous asset. 

In closing, it would be of interest to know whether corrections 
were applied to observed temperatures in order to allow for pos- 
sible radiation error of the high-velocity thermocouple. 


R. A. SHERMAN.” A knowledge of the performace of the vari- 
ous sections of a steam generator is essential to intelligent design 
for proper distribution of the heating surface to insure that the 
temperatures in various sections are of the proper order. The 
rate of heat absorption in the furnace governs the temperature of 
the gases which, for coal-fired furnaces, fixes the degree of fusion 
of the ash and, therefore, the type of coal which can be burned in 
a given furnace or the maximum rate of burning, or minimum ex- 
cess air that can be maintained with a given furnace. 

The Society is indebted to the author for the presentation of 
the data which he has obtained by gas-temperature measure- 
ments, as these permit an analysis of the performance of various 
sections of a boiler which would otherwise be impossible. 

The writer wishes to emphasize the fact brought out by the au- 
thor that the expression, “Btu per cu ft per hr” isof no significance 
in comparing the performance of various boilers or of furnace tem- 
peratures. Earlier in the year, at Battelle Memorial Institute, 
we conducted an investigation which indicated that the same ex- 
pression had no significance in relation to the smoke emission. 
By a factual survey of 102 power and heating boilers burning up 
to 1200 lb of coal per hr, and in an experimental investigation of 
22 boilers of the same type, no relation was found between the 
smoke emitted and the rate of heat liberation per cubic foot of 
furnace volume. Briefly, this may be explained by several facts: 

1 It is the time of travel of the gases from the fuel bed to the 
entrance to the heating surface which determines whether the 
carbon will be burned before its temperature is lowered below its 
ignition temperature. Furnaces have volume because they have 
three dimensions but it is the length of travel which is important. 
Further, a large part of the volume is frequently not utilized and a 
large volume is not a definite assurance that the carbon will be 
burned. 

2 Combustion of volatile matter without the liberation of car- 
bon is rapid if the required air is mixed with the volatile and, with 
good mixing, little time or volume will be required for smokeless 
combustion. Without good mixing an infinite volume or length 
of flame travel will not avoid smoke. 

3 Still other factors, in addition to the degree of mixing, such 
as the type of coal, the uniformity of distribution of the coal on 
the stoker, the excess air, the type of load, and the degree of in- 
telligence and the ability of the operator are of greater importance 
in the elimination of smoke than the rate of heat liberation. 

To return to the author’s data, a retabulation of a few of the 
items given for boilers A, B, and C will emphasize the lack of 
meaning of the rate of heat liberation per cubic foot of furnace 


volume. The tabulation is as follows: 

Furnace volume, cuft............ 33 6030 7494 
Furnace heating surface, sqft....... 76.8 1695 1633 
Ratio, surface/volume............. 2.33 0.28 0.21 
Heat release, Btu percuftperhr.... 354000 22500 27800 
Heat release, Btu persqftperhr.... 152200 79900 127200 
Heat absorbed, Btu persqft perhr. 44900 33200 5 


Judged from the relative rates of heat release per cubic foot of 
furnace volume in the locomotive and in the other two boilers, the 
temperatures might have been thought excessive in the locomotive 
boiler but, because of the high ratio of heating surface in the fur- 
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nace walls to the total volume, the rate of heat absorption was 
high and the temperatures were probably no higher than in the 
other boilers. On the basis of the rates of heat liberation per 
square foot of furnace wall, the differences among the three 
boilers were much less and the rates of heat absorption per square 
foot of furnace wall were also of much the same order. 

Basing the comparisons of boilers on the ratio of the heating sur- 
face to the heat available will bring various boilers more into line 
but variations will be due, as the author points out, to cleanliness 
of the surface and to the luminosity and emissivity of the flame. 
The emissivity of a flame increases as its depth increases owing to 
greater furnace dimensions, but the emission per square foot of 
flame surface cannot increase in the same order as the area de- 
creases with respect to the volume. 

A spherical furnace would be the least desirable shape of furnace 
because this gives the lowest ratio of surface to volume. The 
cubical box-like furnaces which we have in many present-day fur- 
naces are also unfavorable for obtaining a large area of heat-ab- 
sorbing surface. High, narrow furnaces are more favorable in 
presentation of surface; this principle can be extended by intro- 
duction of division walls of water tubes to obtain greater surface 
and lower the furnace temperature. 

The adoption of the author’s method of obtaining data on tem- 
peratures and gas weights by many other workers would be de- 
sirable. Further studies on the relation of the radiant emission 
from the flame to the dimensions of the furnace would also be 
valuable. 

The writer agrees with a previous suggestion that the term 
“equivalent surface area’’ be replaced by the expression, “ratio of 
surface area to heat available,’’ multiplied by a simple factor such 
as 10° on the ground that this is a more accurate expression and 
less likely to introduce confusion. Let us hope that we can mark 
this day as that on which the interment of the term, “Btu per cu 
ft of furnace volume,”’ was completed, never to rise again. 


Joun VAN Brount.'* The method suggested by the author for 
comparing performance of furnaces, boilers, superheaters, econo- 
mizers, and air heaters, comprising a complete steam-generating 
unit, is interesting and the selection of a unit of 500,000,000 Btu 
input for such comparisons serves the purpose perhaps as well as 
any other arbitrary value. 

In the design of large steam-generating units it is necessary to 
determine the amount of heat absorbed by each portion of the 
entire unit by using actual fluid quantities and heat-transfer rates, 
etc. After such a unit is in operation, it is customary to check 
the calculated performance, and the basic design rates used for 
its determination. 

The amount of heat to be absorbed by each division of the total 
surface is determined by the performance requirements and the 
conditions imposed by thie purchaser and by the economic factors 
of each case, plus limitations dictated by the fuel characteristics 
and factors governing availability of the unit for continuous op 
eration. 

Given two units, for example, of 100,000 and 300,000 |b ca- 
pacity, the smaller for 300 lb per sq in. pressure and 750 F steam 
temperature with 250 F feedwater, and the larger for 1200 lb 
pressure, 925 F steam temperature with 380 F feedwater tem- 
perature; there can be no purpose in comparing such units on the 
basis of a 500,000,000-Btu unit, as suggested by the author. 

The per cent of heat absorbed in the furnaces in the various 
tests given in the paper are low, in fact, considerably lower than 
would be expected in a modern furnace. In tests A-1, A-2, and 
A-3, the low rate of absorption is probably due to poor combustion 
conditions and can be compared only with locomotive boiler. 


13 Vice-President Engineering, Combustion Engineering Comp2y- 
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Fig. 11 ApproxIMaTE RELATION OF Heat RELEASED TO HEAT 
ABSORBED IN A PULVERIZED-CoaL WaTER-COOLED FURNACE 


Fig. 11 of this discussion reproduced from Fig. 9 of the writer’s 
paper,'* shows the ratio of heat absorbed to heat released, both in 
Btu and in per cent. The curves sloping upward from the lower 
left-hand corner are read in Btu per lb per sq ft, to the left, and 
the curves sloping downward read percentage of heat absorbed 
or efficiency of furnace absorption, to the right. 

The points from the tests in the author’s paper are plotted 
against the percentage of heat absorbed. With the exception of 
C-1 and C-2, the points are well below the lower of the two effi- 
ciency curves. In a modern oil-burning furnace, the points C-1 
and C-2 would be expected to fall near the upper efficiency curve. 
For comparison, the two points F are plotted from test results of 
a tangentially fired pulverized-coal slag-bottom furnace on a unit 
of 300,000 lb per hr capacity. The points 7 are from a 450,000 
lb per hr tangentially fired pulverized-coal slag-bottom furnace 
and points S are from a vertically fired slagging-bottom furnace, 
pulverized-coal-fired. In all of these units, the furnace walls are 
composed of bare fin tubes. 

The influence of both the amount and character of the ash and 
of the method of firing on the amount of heat absorbed is marked. 
It may be seen from the curves and from the points plotted from 
the tests that the per cent of heat absorbed in any furnace de- 
creases as the rate of release per square foot increases. 

Absorption below the lower curves would indicate inefficient 
use of the furnace wall surface, poor combustion, or walls cov- 
ered with an excessive amount of ash. Waterwall tubes covered 
with refractory or refractory coatings will also fall below the 
lower curves. 

AUTHOR'S CLOSURE 

The comments of Messrs. Hobbs, Powell, and Sherman are 
very much appreciated as they fully grasped the importance and 
‘gnificance of this method of comparing the performance of fur- 
naces and heat-absorbing surfaces in steam-boiler units. Mr. 
Powell has raised a question, in which Mr. Sherman concurs, 
Le., Whether the equivalent-surface area might be simplified to a 
factor of square feet of surface per Btu available. Mathemati- 
cally this would seem to be simpler, but psychologically the author 
fears it would be more confusing because the logic of the factor is 
not quite so evident. For instance, assume a unit having 500,- 
00,000 Btu available and, at the point to be plotted 10,000 sq ft 
of actual surface have been passed over; this factor would be 
0.00002. The suggestion of multiplying this by 10* would leave 
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it 20. This seems like a very inadequate figure to plot when it 
actually represents 10,000 sq ft of surface. Even multiplying 
this by 109 or 10! seems in the author’s opinion only to add to con- 
fusion rather than to simplify the method of comparison used in 
the paper. 

There may well be some question concerning the choice of 500,- 
000,000 Btu when some boilers may go as high as 1,000,000,000 
and others may be only *'/; or '/1) this amount. The value of 
this entire method comes through standardization and while, as 
Mr. Powell says, the 500,000,000 may be outmoded, it is greatly 
to be doubted if the average boiler unit to be considered will vary 
so much from 500,000,000 Btu available that it cannot still be 
used as a perfectly logical standard. Certainly 100,000,000 Btu 
is not a satisfactory standard and 1,000,000,000 is applicable in 
only a few cases. As a matter of fact, it is felt that the odd 
number of 500,000,000 has some real value in that it makes one 
stop to think what it really is, while otherwise it might be an 
abstract factor and not carry the significance to the mind of the 
user, Which condition now seems to prevail. Another point of 
significance is that most coordinate papers bring out the values 
on this basis very nicely, while figures '/; or 2 times those used 
would not be as convenient to plot. 

Mr. Julsrud mentions several matters pertaining to furnace 
design and the characteristics of ash which are really outside the 
scope of the paper as presented, since the data given were limited 
purposely to a range of boiler operation permitting a comparison 
with the sizes prevailing in locomotive practice, and also to bring 
out the method of comparison rather than to go into the many 
phases of slag, heat absorption, ete. As indicated by Mr. 
Powell, there is great opportunity in the future for all these 
matters to be studied through this method of comparison. 

As a matter of fact, Mr. Van Brunt in Fig. 11 of his discussion 
has already compared some of the data on dry-ash coal-fired and 
oil-fired furnaces with data on slag-tap furnaces for which he has 
information. 

Before replying to Mr. Van Brunt’s discussion, the author 
checked with him and was assured that his “heat release 1000 
Btu per sq ft projected area”’ is identical with the author’s “heat 
available.” It is significant to note that the lower curve of Mr. 
Van Brunt’s Fig. 11 on the percentage basis is substantially 
identical with Mr. Orrok’s curve, which the author reproduced on 
a similar basis and presented as Fig. 20 in his discussion'’ of Mr. 
Brandt’s paper. We have found that not only do the points C-1 
and C-2, which Mr. Van Brunt has plotted in his Fig. 11, fall on 
this curve of Mr. Orrok’s, but they also are in close agreement 
with many other data obtained on oil-fired boilers having nor- 
mally clean heat-absorbing surfaces and where the adiabatic 
temperature is close to 3600 F. Points B-1 and B-2 for the pul- 
verized-coal-fired furnace with dry-ash removal are approximately 
20 per cent lower in rate of heat absorption than are those of the 
Orrok curve on which fall the oil-fired tests. This indicates a 
certain amount of ash accumulation on the surface of such fur- 
nace, which also has been substantiated with many other data. 
As noted in the author’s paper, all of these data, except-those 
concerning the French locomotive, are based upon tests with 
the high-velocity thermocouple of the single-shield variety, and 
to answer Mr. Powell’s question no correction has been made. It 
is now known, however, that many of these temperatures are 
likely to be from 50 to 75 deg low. This would indicate that the 
actual rates of heat absorption are still lower than those indicated 
by the B and C points and, therefore, closer to the French data 
which Mr. Van Brunt believes to be low. They are in the same 
region as Goss’s locomotive tests of 1912, where heat absorption 
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in the firebox alone was determined by direct evaporation with- 
out depending upon any gas temperatures. These data from 
Goss’s tests are also given in Fig. 20 of the author’s discussion'® 
of Mr. Brandt’s paper. 

Mr. Van Brunt has questioned why all of these rates of heat 
absorption are so low in comparison with his points R, S, and T, 
taken in furnaces of the slag-tap type where the walls are ap- 
parently coated to some extent with slag. However, since Mr. 
Van Brunt does not give the fluid temperature of the ash or other 
data, it is beside the point to question them further than to state 
that any inaccuracies in the measurement of gas temperatures in 
these portions of boiler units may lead to very erroneous conclu- 
sions. 

Dr. Mullikin has presented papers'* before the American In- 
stitute of Physics showing comparative results from bare thermo- 
couples of different sizes, single-shield high-velocity thermo- 
couples, and multiple-shield high-velocity thermocouples. A 
great deal of field data were included. These data emphasize 
the importance of further studies in gas-temperature measure- 
ment. 

Further evidence has been obtained showing that the multiple- 
shielded high-velocity thermocouple is more nearly correct than 
anything else that has yet been devised. In boiler installations 
where the heat absorbed in the air heater, economizer, and super- 


16 “Gas-Temperature Measurement and the High-Velocity Thermo- 
couple,” by H. F. Mullikin, Symposium on Temperature Measure- 
ment and Control, American Institute of Physics, New York, N. Y., 
Nov. 2, 1939. 

“Accuracy Tests of the High-Velocity Thermocouple,” by H. F. 
Mullikin and W. J. Osborn, loc. cit. 

These papers were published in abstract form in Glass Industry, 
vol. 20, no. 12, December, 1939, pp. 441-442. 
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heater can be determined separately, the gas temperatures enter- 
ing the superheater may be determined by calculating back from 
an accurate measurement of the gas temperature leaving the air 
heater. Such data check very closely with the multiple-shielded 
high-velocity thermocouple. 

Other confirmation on rates of heat absorption in furnaces has 
been obtained by a thermal probe wherein the rate of heat absorp- 
tion has been determined by the rate of flow of a fluid and its 
rise in temperature through the element when inserted into differ- 
ent parts of furnaces. 

Mr. Van Brunt states that there is no advantage gained in 
comparing a unit of 100,000 Ib per hr output at 300 Ib per sq in. 
pressure, 750 F steam temperature, and 250 F feedwater tempera- 
ture, with a larger unit of 300,000 lb per hr output, 1200 lb per sq 
in. pressure, 925 F steam temperature, and 380 F feedwater tem- 
perature. If the fuel burned and furnace construction are the 
same, a comparison of heat absorption up to the entrance of the 
superheater will be well worth-while, for the temperature gradi- 
ents are not sufficiently different to have any measurable effect 
upon the rate of heat absorbed up to that point. There will, of 
course, be a justifiable difference in the shapes of the curves 
through the superheater, later boiler bank or economizer, and the 
air heater. However, it is not beyond our experience to learn a 
great deal from even these comparisons. Of course, the real 
advantage comes in comparing units in which similar temperature 
gradients exist, in order to detect the effect of excess air, different 
kinds of fuel and ash, arrangement of surface, ete. The main 
purpose of the present paper was to show a simple method of 
making these comparisons, leaving it to the judgment of those 
using this method as to the value obtained by the variety of com- 
parisons they might choose to make. 
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The Locomotive Boiler 


By C. A. BRANDT,! NEW YORK, N. Y. 


For many years increased traffic and the demand for high 
operating economy of the railroads resulted in the de- 
velopment of locomotives of high tractive effort capable of 
starting trains close to the limit of length for practical 
handling through yards and terminals. The ever-present 
demand for still higher transportation capacity of the rail- 
roads and competition have compelled the further de- 
velopment of locomotives to handle these long and heavy 
trains at high speeds. This has meant proportionately 
larger and more efficient boilers. The author discusses in 
this paper some of the problems of boiler designs and pro- 
portions that affect the efficiency and capacity of the con- 
ventional locomotive. 


HE PUBLIC, which is served by the railroads, is continu- 
to demanding higher speeds for both freight and passen- 

ger trains and this, in conjunction with a more intensive 
utilization of their motive power, is one of the many important 
problems confronting the managements of the American rail- 
roads today. 

Until recent years the steam locomotive had been the principal 
power unit, but its supremacy is now being challenged by other 
forms of motive power, particularly the electric- and Diesel- 
driven locomotives. To meet this challenge the designers of 
steam locomotives are constantly studying the problem of build- 
ing boilers of greater steam-generating capacity within the per- 
missible limits of size and providing engines of lowest possible 
steam consumption per unit of power. 

The fact that higher boiler capacity for minimum weight has 
been an ever-present problem throughout the years of locomotive 
development in America can best be illustrated by citing the 
evolution of the eight-coupled locomotive. The first of this de- 
sign, or the 2-8-0, utilized 90 per cent of the total locomotive 
weight for adhesion. The demands for higher speeds, requiring 
greater steam-making capacity, led to the addition of truck axles 
to carry the heavier boilers, which resulted in the successive de- 
velopment of the 2-8-2, the 4-8-4, and last the 6-4-6 type high- 
speed locomotive, exhibited at the New York World’s Fair this 
year. 

The total weight of an early-design 2-8-0 type locomotive with 
270,000 Ib on the drivers and a tractive power of 67,500 lb was 
only 300,000 lb. To supply the steam for the high-speed 6-8-6 
type locomotive with the same weight on drivers and the same 
tractive power requires a boiler of such size as to double the total 
weight of the locomotive to 600,000 Ib, as is illustrated in 
Fig. 1. 

As this and other modern locomotives are examples close to 
the maximum practical size that can be built, the important ques- 
tion is whether greater boiler efficiency is attainable, particu- 
larly at high-capacity operation, and what can be done to ac- 
complish this. 

The question of reducing the steam consumption of the engines 
is outside the scope of this paper, but the possibility of reducing 
the average steam consumption per ihp from an average of 18 lb 
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to 13 lb is possible by the adoption of compound cylinders as 
reported from tests on French locomotives, as well as by the use 
of still higher superheat and valve gear adaptable for its utiliza- 
tion. 

The paper will be confined to a discussion of those problems of 
design believed to be most essential in the advancement of the 
art. To enhance the value of this contribution, Tables 1 to 6 
are included which give the principal dimensions and _ boiler 
ratios of representative locomotives of various types built in 
America in recent years. Locomotive test curves are also pre- 
sented. 

The subject matter will be centered on problems affecting the 
design of the conventional locomotive fire-tube boiler only, not be- 
cause of any belief that this type of boiler is the final answer 
to the locomotive steam generator, but because at present most of 
the locomotives in the world are equipped with this type of boiler. 
The best solutions to some of the problems encountered in the 
design of large boilers have not yet been agreed upon principally 
because of the lack of reliable test data. 

A committee of the Association of American Railroads 
(A.A.R.) submitted a report this year recommending a conven- 
tional type of boiler for a proposed 6400-hp high-speed locomotive, 
which is an acknowledgment that the fundamental principles of 
this boiler design have proved practical and are the best avail- 
able at the present time. 
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INCREASE IN ToTtTaL or Loco- 
MOTIVES TO LARGER BorLeER CAPACITY 


It is unnecessary to recite in detail the advantages of the con- 
ventional boiler; this has been done many times before. The 
virtues of the completely water-cooled radiant-heat-absorbing 
furnace, high gas velocities over the convection heating surfaces 
with forced draft, and high superheat, all originally inherent in 
the locomotive boiler, are now being recognized as essentials to 
efficient steam generation in other fields and are being rapidly 
adopted in stationary-power-plant boilers. ; 

Locomotive boilers of designs radically different from con- 
ventional construction have been built in the past, but so far 
none has proved sufficiently practical for general railroad service. 
There will soon be placed in service in America a different type 
of steam generator for operation in conjunction with condens- 
ing steam turbines, and still other types are under considera- 
tion. 

There has been a great increase in the size of locomotive boilers 
built in recent years in America; many of these have proved very 
efficient. However, much remains to be done to make possible 
the burning of more fuel per hour at higher combustion efficiency 
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with lower draft loss, greater heat-absorption efficiency, and 
higher superheat with less boiler weight per pound of steam pro- 
duced. 


DEFINITION OF BOILER CAPACITY AND EXISTING FoRMULAS 


In designing a locomotive, the steam required for a given maxi- 
mum horsepower capacity can be determined quite accurately 
from existing knowledge of steam consumption per ihp-hr, when 
initial and final steam conditions are specified. To this must be 
added the steam required for auxiliaries, train heating, air condi- 
tioning, and other uses. The boiler design must be such as to de- 
liver this maximum steam output at a superheat as high and a 
back pressure as low as that figured on, or else the steam con- 
sumption per ihp will increase and the cylinder power fall below 
that required. To determine the excellence of a particular boiler 
design and compare it with others, it is necessary to have a stand- 
ard measure of comparison. 

It would appear logical that the weight of steam produced per 
pound of total weight of the boiler in service should provide a 
satisfactory measure when a definite steam pressure, superheat, 
and draft loss are specified. It is obvious that such a yardstick 
is of no value, unless a standard method of predetermining the 
maximum evaporative capacity is found which will satisfy all 
conditions in a reasonable way. 

In reviewing the existing methods of calculating the maximum 
evaporating capacity of a locomotive boiler and the over-all 
boiler efficiency, the designer is confronted with the fact that 
formulas now generally used are inadequate for predetermining 
the result with accuracy, particularly when large boilers are in- 
volved. 

In America the theory generally followed is that the steam- 
generating capacity? of a boiler is directly proportional to the 
amount of evaporating heating surface in square feet. 

A set of evaporative values, giving the maximum quantity of 
steam in pounds per square foot of heating surface per hour, 
generated by the firebox and flues, was prepared some years ago 
by F. J. Cole.* 

These values are generally used by the locomotive builders and 
railroads today. 

Any method of calculation that takes square feet of heating 
surface only into consideration must be inadequate. It is evi- 
dent that the arrangement of the heating surfaces, their relation- 
ship to the grate area, furnace volume, gas area, firebox heating 
surface, and hydraulic depth and length of the flues must be con- 
sidered to give approximately correct results. The reason is that 
it is these relationships which determine the boiler efficiency, the 
back pressure required to produce the steam, and the superheat, 
all of which have a great influence on the efficiency and power 
output of the cylinders. 

Strahl proposed a formula in 1913® which takes into considera- 
tion the size of the grate area and its ratio to the evaporating 
heating surface 
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2“*ocomotive Data,’’ The Baldwin Locomotive Works, eleventh 
edition, Philadelphia, Pa., 1939, pp. 21-23. 

3‘‘Locomotive Handbook,’”’ American Locomotive Company, 
Schenectady, N. Y., 1917, p. 58. 

4‘*Potential Horsepower Formula Agreed to by American Loco- 
motive Builders,’’ Report of Federal Co-Ordinator of Transportation, 
Washington, D. C., Nov. 27, 1935, p. 48. 

5 ‘‘Horsepower and Tractive Effort of the Steam Locomotive,”’ by 
A. I. Lipetz, Trans. A.S.M.E., vol. 55, paper RR-55-2, 1933, pp. 5-42. 

¢**Method of Determining the Capacity of Steam Loco- 
motives,”’ by Strahl, Zeit. V.D.I., vol. 57, 1913, pp. 251-257, 326-332, 
379-386. and 421-424. 
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where 


WS = total steam produced, lb per hr 
R = grate area, sq ft 
S = evaporating heating surface, sq ft 
a = coefficient for superheated locomotive, 778 lb per sq ft 


This formula, with the coefficients established by Strahl, comes 
close to test results on boilers with proportions similar to those 
which Strahl used in his analysis, but leads to unsatisfactory re- 
sults on boilers with different ratios. The Strahl formula may 
be modified to suit different arrangements by changing the co- 
efficients to suit, but this is not an entirely sound procedure. 

A method originated by Lawford H. Fry’ for determining the 
maximum evaporating capacity of a boiler from the over-all 
boiler-efficiency curve appears to be a better approach. Fry 
suggested that, if the over-all boiler efficiency is plotted against 
pounds of coal or total heat in Btu fired per square foot of grate 
per hour, the relationship between the efficiency and rate of firing 
becomes a straight line. The correctness of this theory has been 
proved on tests examined. The fundamental equation estab- 
lished by Fry is 

F = m—nG 
where 
F = boiler efficiency in per cent 
G = dry coal fired, lb per sq ft of grate per hr 
m = coefficient denoting theoretical efficiency at zero firing 
rate 
n = coefficient determining slope of curve 


If sufficient test data were available for all kinds of fuel and 
types of boilers so that the coefficients m and n or the origin and 
slope of the over-all boiler-efficiency curve could be predetermined 
with accuracy, together with the superheat and pressure at the 
outlet of the superheater, then the evaporation for any quantity 
of coal fired could be determined, as well as the maximum ¢a- 
pacity. 

It appears to the author that the Fry or other methods pro- 
posed do not satisfy the requirement as they stand, because draft 
loss and back pressure are not part of the picture. 

The inadequacies of both the Cole and Strahl methods are ap- 
parent when a comparison is made between the data calculated 
by the different methods, and the actual test results as shown in 
the following table: 


——Evaporation, lb per hr 


Difference, Actual Difference, 
Locomotive Strahl Cole per cent test per cent 
P.R.R. K4S8 No. 5341 48000 52150 + 8.6 72000 +50 
P.R.R. M1A No. 6706 53350° 678502 +27.2 990952 +85.7 
N.Y.C. J3A 607004 605004 - 0.3 850002 +40 


® With feedwater heater. 


The author called attention to this some twelve years ago. 
As far as is known, however, no tests have been made of loco- 
motives of greatly varying boiler ratios and types of fuels to estab- 
lish a satisfactory formula which may be used universally and 
permit evaluation of the effect that varying proportions have upon 
the economics of boiler performance and costs. 


BoiLer TEstTs 


In its 1936 report, the A.A.R. Committee on Locomotive Con- 
struction expressed the opinion that the Cole ratios were inade- 
quate and recommended approval of plant tests to obtain neces 


7*A Study of the Locomotive Boiler,” by Lawford H. Fry, Sim- 
mons-Boardman Publishing Corporation, New York, N. Y., 1924. 

8‘‘The Design and Proportion of Locomotive Boilers and Super 
heaters,’ by C. A. Brandt, Proceedings of the Canadian Railway 
Club, vol. 27, Feb., 1928, pp. 20-64. 
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sary data. The director of equipment research at that time, 
L. W. Wallace, made a report and recommended complete loco- 
motive tests, but this program has never been carried out. 

Many tests have been made by the Pennsylvania and New York 
Central railroads and the respective managements deserve the 
greatest praise for their valuable contributions to the art. Most 
of these tests, however, have been made on locomotives with rela- 
tively small grate areas and with approximately the same ratios 
of grate areas, gas areas, firebox volumes, etc. There are few data 
available on the effects of very large grates and large fireboxes. 

The tests recommended by the Research Division of the A.A.R. 
were complete and necessarily expensive. It is believed by the 
author that adequate information as to the efficiency and maxi- 
mum capacity of boilers with large grates and furnaces can be ob- 
tained with stationary blowdown tests of some three or four 
boilers with widely different boiler ratios. Such tests should be 
conducted with oil fuel and also with several different grades of 
coal, sufficient to establish fundamental data now lacking. With 
complete data on the quantities, qualities, etc., of the fuel, water, 
and air used, and the gases and steam produced, all losses could 
be segregated and closely determined. 

This would permit the determination of coefficients m and n 
in Fry’s formula. It is hoped that such a test program will be 
made possible as this matter is not one merely of academic im- 
portance, but is a vital item of railroad economics. The method 
of standing blowdown tests developed and used by the New 
York Central Railroad in recent years has proved very effective. 
Results of such tests are dependable since the boiler testing is 
sepirated from and is independent of the locomotive-engine per- 
formance. This facilitates the adjustments for setting the re- 
quired operating conditions for each capacity test and the con- 
tinuance of each test run for a sufficiently long period of time at 
constant rate, without interruption by locomotive- and test- 
plant running conditions. 

The New York Central Railroad’s method of blowdown test 
is conducted so that the steam exhausted from the cylinders 
through the nozzle is desuperheated to a temperature closely 
agreeing with that actually observed on road tests for equal ca- 
pacities. The correctness of this test procedure has been proved 
by the fact that the front-end design and nozzle size established 
by such test have proved correct for best maximum performance 
in road service. 


Gas AREA IN RELATION TO BoILeR EFFICIENCY AND CAPACITY 


It is well known that the efficiency of the boiler decreases with 
an increased firing rate. The rapid drop is mainly due to the 
high losses occurring in the form of unburned fuel escaping with 
the flue gases. The problem of greater fuel-burning capacity at 
higher efficiency of combustion is, therefore, the first item which 
should be considered and involves the arrangement and relative 
size of the gas area through the boiler, the grate area, combustion 
volume of the furnace, and the firebox heating surface, also, 
stoker construction, arrangement of firebrick arches, amount of 
air opening through the grates, and the introduction of secondary 
air above the fire bed. 

In considering the matter of locomotive-boiler design, as in the 
case of any other structure, it is well to establish a base from which 
tostart. This is difficult with a locomotive because the problem 
of its design involves a cycle of successive approximations to ob- 
tain maximum power and efficiency within the weight limitations. 

In the past either the heating surface or the grate area has been 
the basis on which the size of the other component parts of the 
boiler has been determined. This is not the most logical proce- 
dure as the dimensions of these parts do not control the limit of 
size to which the boiler can be built, since they may be increased 
with the length of the boiler within considerable limits. The di- 


ameter and gas area through the boiler constitute the limiting fac- 
tors because the height, width, and weight are fixed and cannot be 
exceeded. It is, therefore, more logical that this factor be made 
the basis on which the other parts are proportioned. 

The capacity of the locomotive boiler is limited by its diameter 
because this determines the gas area of the flues through which all 
the gases of combustion must pass; in addition it must provide 
space for the superheater through which all the steam generated 
must flow. It determines the flue heating surface that can be in- 
stalled per unit length of flue, the area of the steam-disengaging 

12 


10 


NET GAS AREA THRU BOILER, SQ.FT. 


6 
12 
fea) | q 
ao he 
Te 
wi | | | 
>I 
| | | 
| | | | 
5 
60 70 80 90 100 No 


BOILER DIAMETER O.D. LARGE COURSE, INS. 
RELATION OF BOILER DIAMETER TO TOTAL WEIGHT OF Loco- 
MOTIVE PER Foot oF WHEEL BasE anv ALso Gas AREA 


Fic. 2 


surface, and the steam volume above the water level in the boiler. 
This last item is of the greatest importance and is, in reality, the 
limiting factor in high-output operation, as evidenced by the seri- 
ous difficulties experienced with water carry-over into the super- 
heater and cylinders in many boilers. 

Within the clearance, the maximum diameter of the boiler is 
determined by the weight limits. In order to analyze this prob- 
lem, the proportions of 165 different designs of modern loco- 
motives have been studied to ascertain the relationship between 
the diameter of the ese and the total weight of the locomotive. 
The curve, Fig. 2, shows this relationship. It is apparent that, 
while there are many iactors which influence the weight, the boiler 
diameter has been sacrificed for other features of design in many 
cases. If, as an example, the 104-in. boiler is noted, the total 
locomotive weight per foot will vary from a minimum of 8400 Ib 
to a maximum of 12,400 lb, or an increase in total locomotive 
weight of nearly 50 per cent for the same boiler diameter. The 
chart indicates that there is a uniform increase of 133 lb per ft of 
total locomotive weight for every 1-in. increase in the boiler 
diameter. This curve may facilitate studies in efforts to obtain 
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the greatest possible diameter and gas area for allowable weights. 

A relatively large gas area through the boiler in relation to the 
grate area and heating surface is not generally followed, as noted 
from a study of the ratios Nos. 30, 31, and 32, Tables 1 to 6. 

That the gas area through the boiler is one of the most im- 
portant items affecting the boiler capacity is not generally ap- 
preciated, but may be better understood if actual test figures are 
analyzed. From the test of the Pennsylvania Railroad, class 
MIA, locomotive No. 6706, column 10, Table 4, on which 
sufficient data are available to permit determination of the 
weight of the gases passing through the boiler, the data shown in 
Fig. 3 have been compiled. It is interesting to note that, at high 
firing rates, the gas velocity through the tubes near the back tube 
sheet reaches the high figure of 204 miles per hour. The great 
importance of eliminating unnecessary restrictions in the gas 
passages and the superheater units is apparent. 

As the gas area is increased, the velocity and frictional resist- 
ance of the gases passing into and through the boiler flues are 
lowered. This will reduce the draft requirement and in turn the 
cylinder back pressure, enlarging the power output of the loco- 
motive in direct proportion to the resultant increase in the mep. 
This is important when high power output is desired at high speed 
as the reduction of 1 lb of cylinder back pressure gives as much 
increase in power as a 4-lb gain in pressure on the steam inlet or 
admission side. 

The importance of a large gas area through the boiler was recog- 
nized years ago. C.D. Young? pointed out in 1915 that from his 
experience the maximum evaporative capacity of a boiler was in 
direct ratio to the total gas area through the flues and was ap- 
parently limited to an amount of 7000 lb actual or 9100 lb equiva- 
lent evaporation per hr per sq ft of gas area for the engines tested 
up to that time. This has been bettered considerably on modern 
locomotives with type-E superheaters and more powerful draft 
arrangements to about 11,000 lb equivalent evaporation per sq 
ft of gas area. The test results given in the following table con- 
firm this point: 


Total net Max lb of 
gas area steam per hr 


through equivalent 

Class Engine Max equiv boiler, evap per sq 

Railroad engine no. evap perhr,lb sq ft ft gas area 
P.2..R. K48S 1737 87,414 9.10 9605 
P.R.R. MIA 6706 123,870 9.71 12755 
B.L.W. 3 cyl 60000 84,186 9.37 8985 
P.R.R. 1 790 89,235 9.9 9015 
N.Y.C. J3A 5408 89,500 8.9 10055 


To illustrate the limiting effect that the gas area has upon the 
evaporative capacity of a locomotive boiler, the test results from 
several locomotives have been plotted in Fig. 4. The relation 
between equivalent evaporation and back pressure is illustrated 
in Fig. 5. 

A study of the relationship between the gas area and the boiler 
diameter of a number of modern boilers has been plotted in Fig. 
2; it will be noted that full advantage has not been taken in many 
cases in providing the largest possible gas area. For some boiler 
diameters the gas area is as much as 31!/; per cent smaller than 
the maximum possible. This is perhaps due to a difference of 
opinion as to the most suitable distance between the top of the 
crown sheet and the inside of the boiler shell at the top; as to the 
water space between the combustion chamber and boiler shell, 
or the clearance between tube holes and tube-sheet flanges; and 
as to tube spacing. The type of combustion chamber, the thick- 
ness of the flues, and the superheater design also influence the gas 
area. Offhand, it may seem that these details are not of great 
consequence, but really they are very important. 

The distance between the top of the crown sheet and the boiler 
shell determines the steam space and steam disengaging surface. 
It is obvious that the smaller this distance is made the greater will 


* Test Bulletin, No. 28, Pennsylvania Railroad, 1915, p. 35. 
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be the tube-sheet area. Information as to the most satisfactory 
relationship between the height of the crown sheet and other di- 
mensions of the boiler is lacking, but this question deserves most 
careful consideration. 

A slight increase in the water space between the combustion 
chamber and boiler shell decreases the available gas area con- 
siderably. On some boilers, this water space has been made as 
large as 8 in., while very many large boilers are operating suc- 
cessfully with a water space of only 5in., giving a large percent- 
age increase in gas area. It appears that the smaller water space 
imparts a higher velocity to the water circulation at this point, 
minimizing mud collection which the large water space was sup- 
posed to eliminate. 

The important influence that the superheater construction has 
upon the gas area is apparent and will be discussed in more detail 
under the subject of superheater design. 


FiIREBOX VOLUME IN RELATION TO COMBUSTION EFFICIENCY 


Earlier in this paper, it was pointed out that the firebox volume 
is not subject to such limitations as the gas area. There are 
limitations to the width and height of the firebox which are im- 
portant, but the length of the grate and firebox may be extended 
considerably beyond present general practice. This is fortunate 
as the most serious matter confronting locomotive designers today 
is the problem of improving the efficiency of combustion in the 
firebox, particularly at high-capacity operation. Incomplete 
combustion of fuel causes heavy losses in unburned fuel, high 
maintenance cost due to cinder cutting of firebox sheets, stay-bolt 
heads, tubes, and superheater. Damage due to fires along the 
right of way set by sparks, loss in good will to the general public 
due to smoke near railroad terminals, and loss of passenger traffic 
for the same cause constitute a serious challenge to designers and 
operators of steam locomotives. 

Improvement in the combustion process of the locomotive fur- 
nace is a problem of primary importance and the proportions of 
the furnace should be such as not only to make possible complete 
combustion of the fuel with the elimination of smoke and cinders, 
but also to absorb sufficient radiant heat to cool the furnace gases 
to a temperature low enough to prevent slagging at the flue sheet 
and on the superheater units. 

One would assume that sufficient data were available today to 
determine the correct volume of the firebox in relation to the grate 
area and heating surface. A study of Tables 1 to 6 indicates, 
however, that there is little agreement on this subject; great 
variations exist in these basic ratios. To cite an example: The 
important ratio of firebox volume to grate area ranges from 4 
minimum of 3.70 to a maximum of 8.28 cu ft per sq ft of grate 
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area. Compared on the basis of tractive power the furnace vol- 
ume varies from a minimum of 4.04 to a maximum of 11.67 cu 
ft per 1000 Ib of tractive power. 

The difference in opinion among locomotive designers as to the 
correct size of firebox and combustion chamber is due to the ab- 
sence of pertinent facts and test data to permit a scientific evalua- 
tion of the various factors. It is known that the first cost of the 
heating surfaces in the firebox and combustion chamber is very 
high as is also the cost of the maintenance and inspection when 
compared with the tube heating surface. What the relative cost 
of firebox and tube maintenance amounts to is unknown. Little 
information is available as to the cost of boiler maintenance, 
since few American railroads keep accounts to permit such a 
study. In the report of the Federal Co-Ordinator of Transporta- 
tion, November, 1935, the estimated average cost of boiler main- 
tenance is given as 30 per cent of the total cost of locomotive 
repairs. The firebox maintenance is the greatest part of this 
cost. Asa large modern boiler will have from 5000 to 8000 stay 
bolts in the firebox which must be tested at regular intervals, the 
size of the firebox is a very important item when the question of 
intensive utilization of the locomotive is considered. 

Against these items of cost should be balanced the great im- 
provements in boiler efficiency and capacity which are generally 
believed to be obtained by the use of large fireboxes. The heat 
absorption of the firebox heating surfaces is from six to ten times 
as great as the average tube heating surface. Another important 
point not usually considered is that the radiant-heat absorption 
by the firebox is accomplished without the expenditure of any 
energy, while the heat absorption by convection in the tubes con- 
sumes considerable power to create the high draft required. The 
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energy required to move the gases increases with the fourth 
power of the weight velocity. Only a few tests have been made 
which supply data permitting the calculation of combustion ef- 
ficiency. These tests have been mainly on engines, the boiler 
ratios of which are very much alike, and thus the effect of greatly 
different boiler ratios is not clearly discernible from available data. 
To illustrate the effect which different boiler ratios have upon 
combustion efficiency, the data from all tests available have been 
plotted in Figs. 6 to 9. The combustion efficiency is plotted 
against various factors as follows: 
Fig. 6... .Heat in fuel fired per hr 
Fig. 7... .Heat in fuel fired per hr per sq ft of grate area 


Fig. 8... .Heat in fuel fired per cu ft firebox volume per hr 
Fig. 9... . Heat in fuel fired per sq ft firebox heating surface per hr 


It is, however, becoming more generally recognized that the 
larger the furnace volume of a locomotive, the greater is the op- 
portunity for completing the processes of combustion. This is 
true only if the larger furnace volume is obtained in conjunction 
with maximum boiler diameter, furnace width and depth, and 
not by furnace length alone. 

An examination of a typical boiler diagram, Fig. 3, shows the 
gas velocities at several points in the firebox, an explanation being 
given why the largest possible cross-sectional area through the 
firebox is very important. The velocity of the furnace gases in 
this case between the top of the arch and the crown sheet is as 
high as 260 miles per hour. It is remarkable that the small par- 
ticles of coal being blown by the stoker jets into the center of a 
hurricane of such velocity are able to settle on the grate or have 
time to burn at all. 

A particle of fine coal caught in the gas stream will pass through 
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this furnace in 0.1 sec and this is one of the reasons for the great 
loss of carbon at high-capacity operation. As a comparison, in 
stationary practice the velocity of the gases just before entering 
the tube bank is about 10 miles per hour ata maximum. A study 
of the designs of many recent boilers indicates that the width of 
the firebox, as well as the depth, could have been increased to 
give the advantage of a larger combustion volume under the fire- 
brick arch, as well as a larger gas area between the top of the arch 
and the crown sheet. 

A few modern boilers have been built with a firebox ring as low 
as 53 in. from the rail which with a horizontal grate would give 
a good depth of the firebox at the rear. On many locomotives 
with the grate sloping up toward the back end, the distance from 
the rail to the firebox ring is 72 in., or more, and thus there is a 
loss of 18 in. in the depth of the firebox. The author has not 
been able to get a satisfactory reason why sloping grates are still 
continued, especially since so many boilers have been built with 
horizontal grates and have given satisfactory service. 

While discussing the subject of furnace volume, attention is 
called to the boiler-efficiency curves plotted in Fig. 10. Three 
efficiency curves from oil-fired boilers are shown. Two are loco- 
motive boilers and one is a water-tube boiler, tested by the United 
States Navy.'® 

The following table gives certain pertinent data on maximum- 
capacity operation: 


User... Santa Fe Southern Pacifie U.S. Navy 
EBagine 3766 4108 Type 8X 
Furnace volume, cu ft......... 795 970 423.6 
Gas area through boiler at fur- 

10.3 11.98 30.06 
Maximum oil burned, Ib per hr 7000 6800 5051 
Maximum oil burned per cu ft 

furnace volume, lb per hr..... 8.8 7.0 11.9 
Maximum oil burned per sq ft 

Maximum coal equivalent, lb per 


It is interesting to note that it was possible to burn 35 per cent 
more oil per cu ft of furnace volume with 8 per cent higher boiler 
efficiency in the Navy boiler than was attainable in the locomotive 
boiler. The gas area in the Navy boiler at the gas exit of the 
furnace, however, was three times greater than on the locomotive 
boiler, which again confirms the importance of gas area. 


ABSORPTION EFFICIENCY OF THE HEATING SURFACES 


The absorption efficiency of the surfaces should be expressed 
as the total heat absorbed in per cent of the total heat available 
for absorption; that is, of the total heat drop from the furnace 
temperature to the metal temperature of the flues and super- 
heater units at the smokebox. This is termed the true efficiency 
and is very high, about 90 per cent in a locomotive boiler, due 
to high gas velocity and cooling of the gases to within 75 F of 
the temperature of the water at low rating, and 200 F at high 
capacity. 

On locomotives with type E superheaters the smokebox gases 
are from 100 to 150 deg lower than the steam temperature. The 
losses due to the sensible heat escaping in smokebox gases range 
from 19 to 25 per cent of the heat in the coal fired, at high rating, 
and the only hope of reducing these is by a radical change in the 
boiler design whereby the average temperature head could be in- 
creased by the use of a counterflow economizer. In this manner 
the smokebox gases could be lowered some 210 F which would 
give a 7 per cent increase in the over-all boiler efficiency. 

The importance of an effective arrangement of the flue heating 
surfaces is most apparent at high capacity when 70 per cent of the 

B&W High-Pressure Sectional Express Boiler,”’ by R. C. 


Brierly, Journal of the American Society of Naval Engineers, vol. 43, 
Nov., 1931, pp. 511-561. 


liberated heat is delivered to the flues. The ratio of the net gas 
area of a flue to its gas-swept perimeter (sometimes called 
hydraulic depth) determines the gas-carrying capacity of the 
flues. The larger this ratio becomes the more gas will flow for 
equal pressure drop. This has been labeled the “flue capacity 
factor,” or F.C.F. 

The longer a flue of a given F.C.F. is made, the greater becomes 
its true efficiency and also its draft loss. Now if the length of 
the flue in inches is divided by the F.C.F. a value is obtained 
which expresses the true efficiency of any diameter and length of 
flue. This factor has been termed the “‘flue efficiency factor’’ or 
F.E.F. The larger it becomes the more efficient a flue is. 

In Fig. 11 has been plotted a curve showing the true efficiency 
that will be obtained on any size and length of flue with a given 
flue efficiency factor, or °.E.F.; that is, the ratio of length to 
hydraulic depth. 

In Fig. 11 is also shown the true efficiency of several sizes of flues 
for different lengths. The F.E.F. for a 2-in. inside-diameter 
flue 18 ft long is 432 and gives a true efficiency of 88 per cent. If 
this flue is made 25 ft long the F.E.F. becomes 600 and the true 
efficiency is increased to 94.5 per cent, but the draft loss is in- 
creased in the same ratio as the length. In America many boilers 
have been built with flues 22 ft to 25 ft long, but usually efforts 
are made to keep the flue lengths down by lengthening the com- 
bustion chamber where this can be done. It is evident from Fig. 
11 that a larger-diameter flue of a greater length can be used to 
give the same true efficiency as a smaller flue of shorter length. 

The heat-absorption efficiency of locomotive boilers increases 
with an increase in the flue efficiency factor of the tubes and flues 
and ranges usually between 78 and 88 per cent. The absorp- 
tion efficiency of several boilers has been shown in Fig. 12; it 
is noted that there is a very small decrease in this efficiency as 
the rate of firing is increased. 

The combined absorption and combustion efficiency gives the 
over-all efficiency of the boiler and superheater and these data 
are shown in Fig. 10 for the engines previously cited. The gen- 
eral proportions and boiler ratios of all the engines shown in this 
and previous curves are given in Tables 1 to 6, as follows: 


E2A Table5 Column 8 
K48 Table 5 Column 6 
118 Table 2 Column 1 
M1A_ Table4 Column 10 
Baldwin Loco. Works.................... 60000 Table 2 Column 10 
Atchison, Topeka & Santa Fe............. 3766 Table5 Column 4 
AC7 Table6 Column 10 


Heat balances showing the heat absorbed by the boiler and 
superheater together with the various heat losses for two modern 
locomotives are shown in Figs. 13 and 14. 

Before leaving the subject of heat absorption, a few words may 
be said as to the heat-absorbing capacity of the firebox. Cole 
proposed 55 lb of steam per sq ft as the maximum based on Pro- 
fessor Goss’s test at Coatesville, the only test made on a locomotive 
where the firebox evaporation was determined separately. This 
value of evaporation rate has continued to be used up to now 
even though the size of the locomotive firebox has increased five 
to six times since the Coatesville tests. It is reasonable to sup- 
pose that the same evaporation rates cannot very well apply to 
a firebox with 800 sq ft of heating surface having siphons, cir- 
culators, etc., as to a firebox with only 150 sq ft. 

Since the adoption of waterwalls in stationary boilers, the heat 
absorption due to radiant heat has received much attention and 
analysis. 

The general behavior of radiant energy as expressed and 
defined in Stefan-Boltzmann’s law, Prevost’s law, Kirchhoff’s 
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law, Planck’s formula, and studies by many other investigators, In tests where complete gas analyses have been made to deter 
permits definition and determination of the coefficients of emis- mine the quantities of air used for combustion, it is possible to 
sion, absorption, reflection, and transmission of radiant heat. To calculate the per cent of fuel fired that is actually burned and the 
apply these laws to locomotive fireboxes, additional test data will total heat liberated in the furnace. A fraction of the liberated 
be required. heat is absorbed by the firebox and the balance leaves as sensible 
The proportion of the total heat liberated in the furnace, which _ heat in the combustion gases which, with the total known weight 
is absorbed by the firebox heating surfaces has been termed “fur- _ of gases, determines the mean temperature of these gases leavit¢ 
nace absorption efficiency,” and this determines the temperature the furnace. The furnace absorption efficiency can thus be 
of the combustion gases as they leave the firebox. An accurate stated in terms of the average temperature of the gases leaving the 
knowledge of this temperature is important as it determines the furnace. 
design and performance of the superheater. Thus, if 
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t; = temperature of combustion gases leaving firebox, F 
(‘p = mean specific heat of combustion gases between ¢ and 
60 F 


IH, = total heat liberated in firebox per lb of combustion gases 
H, = heat in 1 lb of combustion gas leaving furnace 
Hp = heat absorbed in firebox in per cent of total liberated 


then H, = C 60) 


and the per cent of total heat liberated in the firebox that leaves 
the furnace in the gas is equal to 


(t, — 60) 
Hr 


The furnace absorption efficiency, therefore, is 
C p(t: — 60 
[1 
Hr 


The relation between the percentage of heat absorbed by the 
firebox and the temperature of gases leaving, depends upon the 
heat liberated per lb of combustion gas, which again depends 
upon the excess air used for combustion. If, therefore, an accu~ 
rate measure of the gas temperature leaving the firebox is obtained 
with a reliable pyrometer the furnace absorption efficiency can 
be determined. 

It has been demonstrated that the radiation from the flames is 
largely due to incandescent particles of fuel and ash in the flame. 
The quantity and distribution of this radiating material in the 
flames, together with the amount of firebox heating surface, de- 
termine the coefficient of emission or absorption. 


Cp 100 
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why boilers fired with oil give higher superheat; the less luminous 
flames of the oil fire will give up a smaller percentage of heat to 
the firebox by radiation, and the gases entering the flues are there- 
fore hotter. 

Several formulas have been proposed for the determination of 
the furnace absorption efficiency. The author has checked a 
number of the formulas proposed by Hudson, Broido, Wohlen- 
berg, Orrok, Munzinger, Bottomly, and Adloff, but sufficient test 
data are not available to confirm their methods closely enough 
for locomotive-firebox conditions. All formulas, however, show 
that the fraction of the total heat liberated, which is absorbed as 
radiant heat by the furnace walls, decreases as the total heat lib- 
eration is increased. It will range from about 50 to 55 per cent 
at low rating down to perhaps 25 to 30 per cent at high-capacity 
operation. 

At low rating the heat absorption per square foot of firebox 
heating surface will be near the figure commonly used, or 55 Ib 
of water evaporated per sq ft but at high capacity the heat ab- 
sorption will approach a figure of 125 lb of water per sq ft of heat- 
ing surface. From the studies made of this problem, it is doubt- 
ful if the percentage of heat absorption can be increased to much 
more than 50 to 55 per cent of the heat liberated, by increasing 
the amount of firebox heating surface, because the amount of 
radiant energy absorbed is limited by the effective surfaces of the 
fire bed and the luminosity of the flames. 


GRATE AREA IN RELATION TO EFFICIENCY AND CAPACITY 


The size of the grate area should be in proportion to the maxi- 
mum output expected of the boiler and the quality of the coal to 
be burned. With the exception of the Dakota and Wyoming lig- 
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nites, the average maximum variation in the heating value of the 
coals mined east of the Mississippi is from 12,000 to 14,000 Btu 
per lb, and west of the Mississippi from 10,000 to 12,000 Btu per 
lb, or about 17 per cent for each class of coal. 

If the grate-area ratios of modern locomotives, however, are 
studied it will be noted that they vary to a much greater extent 
than the heating value of the fuel, as shown in the following table: 


Range of 
difference, 
per cent 


Ratio— 
Minimum Maximum 


2.32 
0.0119 0.0262 1:2.20 


0.353 1: 3.50 
13.8 1;1.94 


1: 2.97 
Grate area per sq ft total heating 


Grate area per sq ft firebox heating 


Grate area per sq ft net gas area. . 


It would appear that much thought and study must be given 
to this subject as the proper size of grate area is important in ob- 
taining high furnace efficiency and capacity. If too small a grate 
is selected, the firing rate will be too high at maximum-capacity 
operation and, if too large, it is difficult to keep the grate covered 
at low capacity, which results in bare spots, a high per cent of ex- 
cess air, reduction of boiler efficiency, and superheat. The service 
condition and the profile of the road must be carefully analyzed 
for best results. 

The question of the percentage of air openings through the 
grates has been explored during the last few years. Recent 
tests on one railroad, where grates with air openings of 10, 24, and 
32 per cent were tried, indicated a very small variation in boiler 
efficiency between the various percentages of air openings, or 
less than 1'/, per cent above and below the mean percentage. 

The relation between equivalent evaporation per square foot 


EQUIVALENT EvaporaTION VERSUS COAL FIRED PER SQUARE Foot or GRATE PER Hour 


of grate area and coal fired per square foot of grate area per hour 
has been plotted in Fig. 15. 


SECONDARY AIR FOR COMBUSTION 


The length of the firebox and the combustion chamber is of 
importance, but there is a question whether the function of the 
latter which gives it its name is operative, as there is no air ad- 
mitted ahead of the arch on most locomotives to permit the car- 
bon to burn completely in its passage through the combustion 
chamber. 

Today, most modern locomotives in America are fired with 4 
stoker which distributes the crushed coal with steam jets throug) 
the boiler backhead. The coal is thus thrown into the firebox 
through and against the gas stream at the point of its highest 
velocity. The heaviest coal lumps fall on the grate, but many of 
the fine coal particles are caught in the high-velocity gas stream 
and partially burned in suspension while traveling at high speed. 
During the short time the coal particles pass through the furnace, 
they must be heated to ignition temperature, the moisture driven 
off, and the volatile gas distilled and burned before the solid 
carbon is consumed. It is quite possible that most of the carbon 
now escaping could be completely burned in the large fireboxes 
if sufficient oxygen were admitted into the firebox and combustion 
chamber as secondary air. The beneficial effect of admitting 
secondary air above the fuel bed has been known for many years 
and recognized by authorities on combustion as very desirable, 
yet little has been done along this line. 

This subject was investigated by Henry Kreisinger" as early 


11‘*Combustion of Coal and Design of Furnaces,”’ by Henry Krei- 
singer, C. E. Augustine, and F. K. Ovitz, Bulletin No. 135, Uni 
States Bureau of Mines, Washington, D. C., 1917. 
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as 1917. In these tests it was proved that, with a firing rate up 
to 185 Ib per sq ft of grate and with the thickness of fuel bed 
varying from 6 to 12 in., all the oxygen in the air which entered 
through the grate and fuel bed was consumed at the level of ap- 
proximately 4 in. above the grate. 

A sufficient quantity of secondary air admitted above the fuel 
bed in such a manner as to create a turbulence in the gases would 
permit of an intimate mixing of the hydrocarbons thrown off by 
the coal, and provide the necessary oxygen for the complete com- 
bustion of volatile gases and carbon. Another very important 
result from the use of a correct amount of secondary air is that 
it will help to eliminate smoke which always has been a serious 
nuisance in locomotive-boiler operation. 

Kreisinger states in his report,'! “the ratio between the weight 
of air supplied and the weight of fuel gasified remains practically 
constant at about seven to one so that only about one half 
of the fifteen pounds of air required to burn the fuel should be 
supplied through the fuel bed. In order to complete the combus- 
tion of all the fuel fed into the furnace, the balance of the air 
should be admitted above the fuel bed to consume the volatile, 
as well as fixed carbon present in this zone, or it will escape un- 
burned.” 

Any scheme to admit secondary air above the fire should be 
arranged so that the air is controlled in accordance with the de- 
mand, in order to keep the excess air at a minimum and not de- 
crease the fuel-burning capacity of the furnace or decrease the 
over-all boiler efficiency by too much excess air. Several schemes 
have been prepared to admit secondary air above the fire. The 
simplest is that of applying air-inlet thimbles in the sides of the 
firebox and the effectiveness of this should be fully explored. 
Some studies have been made of the introduction of preheated air 
by means of blowers. Actual tests have been conducted on one 
railroad by using blowers without air preheating, but so far no 
definite advance has been made. It is possible that the cost of 
such a scheme may be justified from the standpoint of smoke 
elimination alone. 


DesIGN AND Drart 


Because of the very high draft required in a locomotive boiler, 
the proportion of the draft-making equipment in the smokebox 
has received much attention in recent years and a great many 
tests have been conducted to discover the most efficient front-end 
design. 

It is well known that most of the large railroads in the United 
States have conducted many front-end tests in recent years. 
The best arrangements arrived at differ considerably in design. 
The important result, however, is that the efficiencies of the draft 
arrangements have been increased by handling greater quantities 
of gases with lower back pressure, and that it has been possible 
to increase the diameter of the stack to a considerable extent 
without causing the trailing of smoke, which is undesirable from 
the standpoint of signal observation. 

Curves are given in Fig. 5, which show the equivalent evapora- 
tion plotted against back pressure. This curve, test 7M, shows 
the improvements gained by the use of an improved front end 
developed for the New York Central class J1B locomotives as 
compared with the standard front end. 


SUPERHEATER 


Of all the improvements made on the locomotive, since George 
Stephenson invented the first one, the superheater holds the first 
tank, Its great success has been due to the fact that it attacks 
the heat cycle at a point where the losses are the greatest, i.e., 
in the cylinders, by the elimination of cylinder condensation dur- 
ing admission and expansion and re-evaporation at exhaust. 

Of the many tests made that have proved the beneficial effects 
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of high superheat, those conducted by the Pennsylvania Railroad 
have been the most complete and conclusive. In his report'? on 
the performance of the superheated passenger locomotive E6s, 
C. D. Young presented a most thorough analysis of the beneficial 
effects obtained by the use of superheated steam. The following 
summary is quoted therefrom: 

“The application of the superheater to this locomotive increases 
its economy from a minimum of 23 per cent to a maximum of 46 
per cent, the economy increasing with the increased power re- 
quired of the locomotive. 

“Tt was found that 30 per cent higher capacity was derived 
from the E6s locomotive when using superheated steam than with 
the same size and type of locomotive using saturated steam.” 

This result was obtained with a comparatively low superheat, 
of 200 to 225 F, as compared with present-day practice. This 
showed an average increase in economy of 1.15 to 2 per cent for 
each 10 F increase in superheat. Experience and tests have 
shown that this rate of increase in economy holds good up to the 
limits of present acceptable practice of 350 to 400 F superheat. 
That every effort must be made to maintain highest superheat 
temperature is apparent. 

This problem has become more and more difficult as the avail- 
able heat for superheating has been reduced because of the high 
heat absorption in the large fireboxes of modern locomotives. To 
compensate for this, much larger superheaters have been found 
necessary and the introduction of the type E superheater was a 
natural development. This type has been used on most modern 
locomotives which have been built during the last fifteen years 
in America. 

Because of the great influence that the superheater design has 
upon the efficiency and capacity of both the cylinders and the 
boilers, considerably more space could be devoted to the discus- 
sion of superheater design than is here available. 

A great deal of research work and testing have been done with 
many different types of superheater units to discover the unit 
which will give the maximum superheat with the lowest possible 
draft loss and steam pressure drop, which is at the same time 
practical and keeps weight, first cost, and maintenance at a mini- 
mum. 

The improved type E superheater is a very excellent arrange- 
ment as it gives a combination of maximum evaporating and 
superheating surfaces coupled with the greatest possible gas area 
through the boiler and steam area through the superheater. 
This assures high sustained superheat at low as well as high rating 
with minimum draft and pressure loss. 


FEEDWATER HEATING 


A feature of great value in obtaining sustained capacity of the 
boiler, which may only be mentioned here, is the beneficial effect 
of feedwater heating. The increase in economy or power output 
of a locomotive ranges from 8 to 14 per cent through the recovery 
of the heat in the exhaust steam that otherwise would be wasted. 
The feedwater heater is now well recognized as necessary for 
economical locomotive operation. 


CONCLUSION 


In conclusion it may be said that the modern locomotive boiler 
is a very effective steam generator. Boilers!* which can produce 
highly superheated steam at a rate of 1 lb equivalent evapo- 
ration per hr per 1.3 to 1.4 lb of total boiler weight, compare very 
favorably with stationary boilers of about the same capacity 
which weigh about four times as much, or 6 lb per lb of steam 
produced not including stack, breeching, brickwork, or draft fans. 


2 Test Bulletin No. 21, Nov. 4, 1912, pp. 82-89, 150-151. 


13 Class M1A, Pennsylvania Railroad; class J3, New York Cen- 
tral Railroad. 
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The weight of the locomotive boiler cited includes the boiler 
complete, superheater, smokebox, front end, stack, stoker, grate, 
and water. 

While continued efforts must be made further to improve the 
boiler, clearly, it is the engine which deserves the most attention, 
as its thermal efficiency is so low that even a slight improvement is 
important. This may mean less simple mechanical parts than in 
the present reciprocating engine, but the mechanical-maintenance 
forces of the American railroads have proved to their great credit 
that very difficult mechanical problems, such as those connected 
with the maintenance of Diesel and electric locomotives, can be 
handled successfully. 

This gives hope that apparatus and equipment proposed for the 
improvement of the steam locomotive will receive favorable con- 
sideration in the future, and that the hazards of added com- 
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plications will not be considered as formidable as they once 
seemed. 
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TABLE 1 GENERAL DIMENSIONS AND BOILER RATIOS OF SEX-COUPLED LOCOMOTIVES 


ITEM wee 2 3 4 5 6 7 - 9 10 
RA 
TYPE MEASURE: 4-6-4 4-6-4 4-6-4 4-6-4 4-6-4 | 4-64 4-6-4 4-6-4 | 4-6-4 4-6-4 
| RAILROAD 1 CPR |CB8Q| NYC | NYC |CANNATINYNH&H B&O | canw. 
2 | CLASS | s-4 | [STRUNG | | v-2 [ENGNO! ¢-7 | 
3 | YEAR BUILT 1937 | 1930 | 1927 | 1936 | 1930 | 1937 | 1935 | 1937 | 1938 | 1938 
4 | BOILER PRESSURE eo 275 | 250 | 225 | 275 | 275 | 285 | 350 | 300 | 300 | 300 
5 | CYLINDER DIA. & STROKE INCHES 22 x 30|25x28|25 x26 |22hx29|23 x28 | 22x30 | 19x28 |23$x29 235x30 | 25x29 
6 | DIA. DRIVERS : INCHES 75 78 79 79 80 80 84 84 a4 84 
7 | WEIGHT ON DRIVERS POUNDS 186800 | 207730| 184800 | 201800 | 188600 | 193000 | 156000 | 211400 | 216000 | 216000 
8 | TOTAL WEIGHT OF ENGINE POUNDS 354000 | 391880| 348000| 365500 | 356400 365300| 294000| 420400) 415000 | 412000 
9 | TRACTIVE POWER POUNDS 45300 | 47700| 42400 | 43440 | 43300 | 44000 | 34000 | 49300 | 50300 | 55000 
“10 | BOILER LO FIRST COURSE INCHES 784 | 82% | 808 78 e2% | 7200) 86% | s25 | 
| BOILER OD.LARGE COURSE INCHES 90h oa | | otf | | 93 91% | 94 94 
| l2 | LENGTH OVER TUBE SHEETS [FEE TS 18-3 | 19-0 | 20-6 | 19-0 | 191 | 18-0 | 25-0 | 2I-0 | 19-0 | 19-0 
| COMBUSTION CHAMBER LENGTH |INCHES 27 36 3 31 42 36 | 31 
| 14 | GRATE AREA SQ.FT. 808 | 87.9 | 81.5 62.0 | 73.7 | 77.1 | 61.86 | 985 | 965 | 907 
['s | TUBE AFLUE HEAT. SuRF | 8 | SQFT 3465 | 3878 | 4203 | 3627 | 3032 | 3335 | 2727 | 4395 | 3708 | 3472 
| 16 | FIREBOX HEATING SURFACE| @ | SQFT 326 | 369 | 28: | 360 | 345 | 480 | 612 | 375 | 458 | 507 
| TOTAL EVAP. HEAT SURF SQFT 3791 | 4247| 4404 | 4187 | 3377 | 3815 | 3339 | 4770 | 4166 | 
"18 | SUPERHEATER SURFACE- STEAM SIDE| SQ FT 1542 | 1830 1965 | 1745 | 1492 | 1042 | 880 | 2150 | 1695 | 1884 
"19 | FIREBOX VOLUME CUFT. 427 | 494 | 353 | 452 | 362 | 448 463 | 503 | S60 
[20 | GAS AREATHRU BOILER —_—i|- SQ.FT. 838 | 900 | 966 | 890 | 7.04 | 892 | 461 | 910 | 9.14 | 8.07 
| “TYPE OF SUPERHEATER E E E E A A E E 
"22 | STEAM AREA THRU SUPERHEATER nnd sos | 656 | 642 | 618 | S22 | 54.7 | 448 | 71.2 | 63.6 | 67.7 
a3 | Max EVAP CALCULATED LS re 55960 | 61710 | 57770 | 60500| 51600 | 64000] 55480 | 64780 | 65400 | 65740 
| 24) MAX EVAR ON TEST ~ [EBS PER 84800 
_25 NUMBER SIZE OF PLUES| | | 184-34] 162-34] 183-34/ 146-34| 27-54| 200-34) 164-32 196-35 
26 | NUMBER & SIZE OF TUBES se-21 | 62-21|'93 s9-24| 44-25| 199-24] 120-24| 46-23] 60-23] 8-2 
| 27 | | 93-12] 91-18) 93-13] 74-13] 48-15] 27-13] 101-18) 84-13 102-15 
29 
| 30 008 CBS. TRACT P Power SQFT. i185 | 189 | 228 | 206 463 | 203 | 136 | 165 | 182 | 147 
GAS AREA PER 
ALISO Oe orate ae f toa | 103 | s19 | 109 | o96 | 116 | o75 | 093 | 095 | 089 
32 | Sart OF TUBE AND FLUE HS. QFT | £2 | .oo2az2 | .00232 |.00230 | .00233 |.00232 | .00268 |.00169 | .00207 | .00246 | .00233 
33 | oo es. sart/ 13] 179 | 185 | 1.92 | 1.89 | 1.71 | 175 | 1.82 | 2.00 | 1.92 | 1.65 
TOTAL EVAP HS. sart |} +9] .o214 |.0208 | .0181 |.0196 | .o219 | .o202 | .o18s | .o207 | .o232 | .0228 
35 | Kon es bo a CUFT. 9.43 | 1060 | 34 | 1040 | 835 | 1020 9.80 | 10.00 | 10.20 
cuFT| 4&8 | sio | s49 | 366 | sos | si4 | 502 531 | s51 | 694 
27 | s SAFT OF GRATE P curt | 72 5.29 | 561 434 | 55! 491 5.81 490 | 522 | 6.16 
| curt. | 13.0| 162 | 765 | 1080 | 1075 | 1175 | 121.0 | 1410 
Ei ay sort} 1§ | 403 | 4.20 | 3.45 | 4.40 | 466 | 623 | 990 | 3.81 | 475 | 559 
HS. PER, x100 | 660 | 670 | 625 | | 102 | 1260| 16.35 | 7.85 | | 12.75 
ooo Les TRACT sart| | 890 | 1059 | 963 | 778 | 866 | 981 | 968 | 829 | 724 
42} Bar ES woul sart {ti | 4e9 | 483 | 551 | sis | 458 | 495 | 540 | 485 | 433 | 438 
| sart.|/4 | 407 | 431 |.438 | 417 | .a42 | .274 | .264 | .450 | | -474 
PERCENT GAS AREA THRU FLUES 64.8 | 850 | 801 | 855 | 861 | S10 | 426 | 89.0 | 86: | 983 
1000 LBS. TRACT. POWER : 
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TABLE 2 GENERAL DIMENSIONS AND BOILER RATIOS OF TEN-COUPLED LOCOMOTIVES 


ITEM 2 3 4 5 7 9 10 
RAT 
TYPE MEASURE 2100 | 2102 | 2102 | 210-4 | 210-4 | 210-4| 210-4 | 2-10-4| 210-4 | 4-10-2 
| | RAILROAD | PRR |CAN.NATINYNH&H CENTVER, CPR |CB8Q| cao | KCS |ATASF! BLW 
2 | CLASS [rae | vic | | tee | S001 | 60000 
3 | YEAR BUILT 1922 | 1930 | 1929 | 1928 | 1938 | 1927 | 1930 | 1937 | 1938 | 1926 
4 | BOILER PRESSURE wig 250 | 275 | 200 | 250 | 285 | 250 | 260 | 310 | 310 | 350 | 
5 | CYLINDER DIA & STROKE INCHES 305 X32 | 24X28 | 30X32 | 27x32 | 25x32 | 31x32 | 20x34/ 27x34 | 30X34 | 
6 | DIA. DRIVERS INCHES 62 57 63 60 63 64 69 70 74 | 633, 
7 | WEIGHT ON DRIVERS POUNDS 352500 | 261040 | 301800 | 285000 | 309900 | 353820 | 373000 |3$0000 | 371680 | 338400 
8 WEIGHT OF ENGINE POUNDS 386100 |344170 | 363325 | 419000 | 447000 | 512110 | 566000 | 509000 | 545260 | 457500 
9 | TRACTIVE POWER POUNDS 90024 | 61600 | 77800 | 76800 | 76905 | 90000 | 91584 | 93300 | 93000 | 82500 
i0 | BOILER FIRST COURSE INCHES 82 | 88 | 90 98 90 | | | 
| BOILER O.D.LARGE COURSE INCHES 93 es | 922 | 94 | 965 | 104 | 108 io2 | 104 | 94 
\2 | LENGTH OVER TUBE SHEETS ES 19-1 | 19-3 | 18-0 | 220 | 21-0 | 2-6 | 2-0 | | | 23-0 
13 | COMBUSTION CHAMBER LENGTH | INCHES | 37 | — 48 54 | 495 66 75 72 | 
14 | GRATE AREA SQ.FT. 700 | 667 | 820 | 04.4| 935 | 1065 | 12:7 | 1215 B25 | 
iS | TUBE & FLUE HEAT. SURF | § | SQFT 4303 | 3059 | 3951 | 4280 | 4642 | 5455 | 5990 | 4654 5443 4420 
16 | FIREBOX HEATING SURFACE| @ | SQFT 267 | 347 | 454 | 423 | 412 | 449 | 645 | 500 | 632 | 342 
17 | TOTAL EVAP. HEAT. SURF 5 SQFT 4590 | 3406 | 4405 | 4703 | 5054 | 5904 | 6635 | S154 | 6075 | 4762 
18 | SUPERHEATER SURFACE- STEAM SIDE) SQ FT 1575 | 1500 | 1945 | 2220 | 2032 | 2487 | 3030 | 2075 | 2675 | 1357 
i9 | FIREBOX VOLUME CU.FT. 364 | 386 | 422 | 458 670 | 826 | 722 | 745 | 683 
20 | GAS AREA THRU BOILER SQ.FT. a90 | 705 | 995 | a70 | 75 | 110 | 1275 | 1035 | 5S | 937 | 
21 | TYPE OF SUPERHEATER E E E E E E E 
22 | STEAM AREA THRU SUPERHEATER| SQ.IN aso | saz | 719 | 691 | 65: | 763 | 973 | 704 896 | 569 
23 | MAx EVAP CALCULATED [ee 56660 | 51750 | 69000 | 65110 | 69120 | 78520 | 96210 | 74680 | 89140 | 60410 
24 | MAX EVAR ON TEST (Tes PER! 65257 65750 78710 69695 | 
25 | NUMBER & SIZE OF PLUES 170-34 | 14635 192-34] 196-35 | 22235 | 27534 | 183-39| 249-33 | 50-55, 
26 | NUMBER & SIZE OF TUBES 120-23 | 44-24 57-24 | 3324| 7225 | 87-25 | | 56-24 | 206-27 
27 | NUMBER SIZE OF. | 741 | | | 981%) | 
28 
29 
30 | $68 SQFT. 0 128 $27 | 123 139 au | | E 
| sart | 4 iat | soe | | | 104 | 104 | 105 | 097 | 095 | 114 | 
32 | SAS AREA AND FLUE HS. | | | 00230 | 00231 | o0252 | 00203 | 021! | .00204 | 00213 | 00222 | 00212 |.002I2 | 32 
38 | sart 78 108 | 106 uo | | tie | 133 us | | 100 | 3 
34 | EVAP HS. sort | 0153 | .0196 | | .0179 | | 0181 | .0184 | .0207 | 0200 | .0173_ 
35 | FIREBOX VOLUME | PER curt | 42 | 404 | 626 | s42 | 5.96 744 | 902 | 7.75 | 801 | 829 | 35 
36 | cuFT | 366 | 548 | 424/ 526 60.3 | 649 | 696 | 645 | 
37 | EIREBOX VOLUME PER | curt | s7e | sis | saa 626 | 679 | 675 | 613 | 
30 | curt. | | 703 | 135] 956 | 974 135 | 1247| 1400] 125 | 1440) 38 
| aio | 520 | ssa | soz | 44: | 422 | 531 | 467 | s20 | 45 39 
40 | EIREBOx HS | 625 | 1020] 1030 | 808 | | 761 | 972 | 9.70 | 1040| 7.18 40 
pee sort} | sio | 553 | se7 | | 658 | 656 | 724| 553 | 654 | 577 
sort. | 655 | 51.1 537 | 556 | 54.1 554 | 545 | 482] $00 | 578 42 
43 ae TOTAL EVAR HS. SQFT. 4 343 | 440 | 441 A7T2 | Aol 422 | 457 | 402 | 440 | 285 | 43 
44 | PERCENT GAS AREA THRU FLUES 732 | 661 91.7 | 637 | 632 | 696 | 846] 895 | 518 44 
45 | [000 LBS TRACT SwerR _—- |POUNDS| & | 3920 | 4240 | 3870 | 3710 | 4020 | 3925 | 4070 | 3775 | 3965 | 410 45 
46 1006 OLS | POWER Pounos| | 4290 | 5290 | 4670 |-s460 | seia | 5690 | 6185 | 5460 | 5870 | 5540 
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BRANDT—THE LOCOMOTIVE BOILER 395 
TABLE 3 GENERAL DIMENSIONS AND BOILER RATIOS OF EIGHT-COUPLED LOCOMOTIVES 
ITEM UNIT |p. 2 3 4 5 6 7 - 9 10 
TYPE EASURE 46-4 | 484 | 484 | 48-4 | 48-4 | 484 48-4 464 48-4 | 46-4 
| | RAILROAD NCAST.L! DARGW.|STL-SW| |WABASH| C.&0. |CANNAT.|SOU.PAC.|GT NOR D&RGW 
2 | CLASS J2 M64 ul! T2 ol J3 U2Dd | GS2 Ss! M 68 
3 | YEAR BUILT 1930 | 1929 | 1937 | 1931 | 1930 | 1935 | 1936 | 1936 | 1929 | 1937 
4 | BOILER PRESSURE cot, 250 | 240 | 250 | 255 | 250 | 250 | 250 | 250 | 250 | 285 
5 | CYLINDER DiA.& STROKE INCHES 25x30 | 27x30 | 26X30 | 26x32 | 27x32 27x 30| 28x30 | 26x 30 
6 | DIA. DRIVERS INCHES 70 70 70 70 70 | 72 73 |-735 | 73 | 73 
7 | WEIGHT ON ORIVERS POUNDS 220000 | 252000 | 248000 | 268000 | 274100 | 273000 | 237600 | 266500 | 273700 | 279172 
8 | TOTAL WEIGHT OF ENGINE POUNDS 381000 | 408500 | 425500 | 422000 | 454090 | 477000 | 390000 |448400 472120 470360 
9 | TRACTIVE POWER POUNDS $7000 | 63700 | 61500 | 66700 | 70750 | 66960 | 56800 | 62200 | 67000 | 67200 
| BOILER 1.0 FIRST COURSE INCHES 79 | | | 065 | 90 | | | | | 
|! | BOILER OD. LARGE COURSE INCHES 92 96 968 = 98 100 100 90 | 96 98 | 100 
| LENGTH OVER TUBE SHEETS 20-6 | 220 | 20-0 | 26 | | 2i-o | 2i-6 | 2-6 | 22-0 | 
13 | COMBUSTION CHAMBER LENGTH |INCHES 54 42 54 54 50 54 ass | 60 s2 | 72 
14 | GRATE AREA SQ.FT. 723 860 | 863 | 883 962 | 1000 | 843 904 | 1020 | 106.0 
is | TUBE RFLUE HEAT. SURF | & | SQFT 3751 | 4473 | 4259 | 4933 | 4604 | 5013 | 3805 | 4502 | 5004 4952 
16 | FIREBOX HEATING SURFACE| a | SQFT 444 | 446 | 469 | 508 | 495 | 525 | 415 | 350 | 40: | 555 
\7 | TOTAL EVAP. HEAT. SURF F SQFT 4195 | 4919 | 4728 | 5441 | si89 | 5538 | 4220 | 4852 | 5405 | 5507 
18 | SUPERHEATER SURFACE- STEAM SIDE] SQ FT 1637 | 2229 | 1962 | 2256 | 2360 | 2342 | 1760 | 2086 | 2420 | 2336 
i9 | FIREBOX VOLUME Cu.FT. 478 | 402 567 642 | 408 | 559 | 690 
20 | GAS AREA THRU BOILER SQ.FT. ait | 904 | 924 | 1010 | 9.70 | 1060 | 786 | 913 | 1008 | 1043 
21 | TYPE OF SUPERHEATER | E E E E E E E E e | € 
22 | STEAM AREA THRU SUPERHEATER/ SQ.IN 635 698 677 71.9 754 | 744 67.1 74.0 74.4 
23 | MAX EVAP CALCULATED Lest 63040 | 68280 | 70100 | 76500 | 74780 | 79640 | 60810 | 63575 | 70570 | 80800 
24 | MAX EVAR ON TEST | 
25 | NUMBER & SIZE OF PLUES 169-35 | | 200-35 | 202-35 | 214-35 |220-35 | 167-35 | 196-35 | 210-35 | 222-3 
26 | NUMBER & SIZE OF TUBES 49-23 | 4323 | 52-2 | 77-23 | 49-23 | 65-25 | 42-25 | 49-23] 6425 | 57-25 
27 | NUMBER OF 86-13% | 99-12 | 12-15 | 102-19 | 107-175 | | | | 
28 
29 
sort | 142 | ia2 | ast | asi | 137 | 158 | 439 | 147 | 150 | 455 
| sort) 105 | 103 | 105 | 114 | 106 | .093 | 101 | 099 | 099 
32 | OF TUBE AND FLUE Hs | | | | | 0217 | 00208 |.00207 |.oo211 | .00207 | .00203 | | 
sart | 136 | | | | 136 | | | tas | tsa | tse 
34 Sarr TOTAL EVAR KS. Sart | | 0184 | 0179 | .o187 | 0163 | .o186 | o188 | O200 | o186 | o188 | 
| curt | | | 631 8.50 960 | 715 | 9.00 10.30 
EJ ay cuFT| sag | 445 56! | | 613 66.1 
a7 | PER curt | | 616 | 457 643 642 | 483 | 619 6.50 
| EIREBOX VOLUME curt| | 104.1 neo | 964 | 1152 125.2 
39 | EIREBOX HS PER sort | i$ | s74 | 5.07 | 5.33 | 5.75 | $18 | 525 | 493 | 388 | 393 | 5.24 
40 | SOFT x HS EVAP HS. *!00 | SQFT Fxt0q i060 | 9.05 | 992 | 933 | 952 | 950 | 984 | 720 | 7.40 | 1007 
SQ.FT 736 | 773 | 769 | 815 | 733 | 627 | 743 | 7a2 | 808] B19 
42 | sape oF GRATE sart| ti | s43 | ss9 | sas | 616 | s40 | 554 | sor | 538 | 530 | 
4a | Sen See sart.|1# | 438 | 453 | 415 | 414 | 455 | 424 | 417 | 429 | 448 | 424 
44 | PERCENT GAS AREA THRU FLUES 870 | 85.4 | 680 | 832 | 893 | 880 | 880 | 865 | 883 
OOS TBS vhaer BOWER |POUNDS| $ | 3860 | 3950 | 4030 | 4020 | 3880 | 4077 | 4180 | 4280 | 4080 | 4150 
aan PER lpounos| | e6eo | 6420 | 6920 | 6325 | e420 | 6220 | 6865 | 7220 | 7050 | 7140 


hae 
| 
| 
Pye 
| 
14 
2i2 
29 
= 
577 
4100 | 


396 TRANSACTIONS OF THE A.S.M.E. JULY, 1940 
TABLE 4 GENERAL DIMENSIONS AND BOILER RATIOS OF EIGHT-COUPLED LOCOMOTIVES 
ITEM UNIT 2 3 4 5 6 7 9 10 | 
TYPE MEASURE 48-4 | 4.8.4 | 48-4 | 40-4 | 4-8-4 | 4-8-4 | 4-8-4 | 4-8-4 | 4-8-4 | 4.82 
| | RAILROAD i casa CM ST ICANPAC] L.V. |R.F.&P. |NORPAC] U.P PRR 
2 | CLASS 1631-650} s2 | sing | 554555] A3 | 800-810) 
3 | YEAR BUILT 1934 | 1930 | 1938 | 1937 | 1928 | 1935 | 1936 | 1938 | 1937 | 193) 
4 | BOILER PRESSURE UBS FER 250 | 230 | 250 | 265 | 275 | 275 | 275 | 260 | 300 | 250 
5 | CYLINDER DIA. & STROKE INCHES 28X32 | 28x30 | 28X30 | 26X32 |254x30| 27x30 | 27x30 | 26x31 |244x32 27x30 
6 | DIA. DRIVERS INCHES 74 74 74 74 75 77 77 77 77 72 
7 | WEIGHT ON DRIVERS POUNDS 274000| 258814 | 282700 | 282320 | 249000 | 270100 | 277245 | 294000 | 270000 | 271000 
8 | TOTAL WEIGHT OF ENGINE POUNDS 447000|450838 | 465300 | 490450 | 423000 | 441.440| 466040 | 491800 | 465000 | 390000 
9 | TRACTIVE POWER POUNDS 72000 | 60000 | 67500 | 70800 | 60800 | 66500 | 66500 | 69800 | 63600 | 64550 
10 | BOILER FIRST COURSE INCHES | | 865 | 90; | 848 | | | 82 
11 | BOILER QD.LARGE COURSE INCHES 95 100 100 100 | 965 | 985 | 984 99 100 96 
\2 | LENGTH OVER TUBE SHEETS (FEET S 2-6 | 21-0 | 21-0 | 21-0 | 206 | 21-6 | 21-0 | 196 | 20-6 | 19-1 
13 | COMBUSTION CHAMBER LENGTH |INCHES 66% | 60 40 72 60 48 78 sos | 72 98 | 
14 | GRATE AREA SQ.FT. 88.2 | 103.0 | 106.5 | 106.0 | 93.5 | 965 | 963 | 1180 | 1002 | 70 
iS | TUBE & FLUE HEAT. SURF | & | SQFT 4992 | 4860 | 4804 | 4931 | 4509 | 4932 | 4827 | 4202 | 4118 | 4303 
16 | FIREBOX HEATING SURFACE| @ | SQFT 496 540 | 433 | 578 | 422 | so7 | 55: | 553 | 479 | 403 
17 | TOTAL EVAP. HEAT. SURF F SQFT $488 | 5400 | 5237 | 5809 | 4931 | 5439 | 5378 | 4755 | 4597 | 4706 
18 | SUPERHEATER SURFACE- STEAM SIDE| SQ FT. 2180 | 2403 | 2300 | 2236/ 22 | 2056 | 2130 | 2026 | 1458 | 1630 
19 | FIREBOX VOLUME CUFT. 534 | 630 | 680 | 700 | 620 | 540 | 640 | B12 | 675 | 475 
20 | GAS AREA THRU BOILER SQ.FT. 10.20 | 10.30 | 10.15 | 11.10 | 9.66 | 10.05 | 1005 | 1018 | 967 | 97) || 
21 | TYPE OF SUPERHEATER E E E E E E E E A t | 
22 | STEAM AREA THRU SUPERHEATER| SQ.IN 677 | 769 | 72.4 | 773 | 690 | 677 | 69.1 75.3 | 66.0 | 564 
23 | MAX EVAP CALCULATED LBS PER 76905 | 79050 | 72160 | 82000 | 69140 | 76990 | 79385 | 75280 | 68700 67850 | 
24 | MAX EVAR ON TEST 99095 
25 | NUMBER & SIZE OF FLUES 202-35 | 216-34 | 216-35 196-34 | 202-34 205-34 | 186-33| se-sd | 170-33 
26 | NUMBER & SIZE OF TUBES g2-21| se-21| si-21| 66-2! 77-21| 73-21 | 58-21 |201-21 | 120-2; | 
27 | 102-1 | | 102-14 | 98-13% | 102-19 | 104-12 | 94-14 | | 85-15 
28 
29 | 
30 | GAS AREA SQFT. av2 |] asi as7 [ se2 [ asi asi sas | ase | si 
| eae” SQ.FT | 4 100 | .095 | 105 105 104 | 104 089 | 097 139 | 
32 | GAS AREA AND FLUE Hs. | | FR | 00204 | | | | .co2zI9 | 0204 | 00208 | 00235 | 00226 | 
| sart| 123 | 1.72 | 158 | 150 | 154 | 145 | 145 | 16s | 158 109 | 
34 | KS. sart | | .o191 | 0204 | o192 | 0190 | 0177 | 0179 | 0242] 0218 | 0149 | 
38 | curt | 2 | 742 | 1050 | 963 | 990 | 1020 | 612 | 9.63 1.67 | 1060 | 735 
36 | Cero ee. ER curt| 48 | saa | 611 | 640 | 63: | 628 | 538 | 637 | 795 | 698 | 490 | 
97 | curt | 12] eos | 61 | 610 | 660 | 663 | seo | 667 | 7.06 | 6.75 | 6 80 | 
30 | Cr Gee Mee cu.FT.| 1$ | 972 | 1160 | 1240 | 1271 | 1260 | 993 | 119.0 | 171.0 | 147.0 | 1010 
39 | OF GRATE sart | | sea | 524 | 406 | 5.46 | 452 5.26 | | 480 | 4.79 | 575 | 
40 | EIREBOX Hs PER x100 | SQFT 9.03 | 1000 | 827 | 1050 | | 9.34 | 1025 | 11.60 | 1042 | 855 | 
| 762 | 900 | 775 | 778 | B11 | 816 | B10 | | 723 728 
42. SQFT OF GRATE ven sart.| | 622 | s24| a92 | seo | s27 | sea | 560 | 414 | 460 672 
a3 | Set TOTAL KS sart.|1@ | 398 | 445 | 440 | 406 | .427 | 378 | 396 | 422 | 317 | 346 
44 PERCENT GAS AREA THRU FLUES s22 | 66.0 | 892 | 870 | 828 | 832 | 840 | 878 | 555 | 730 
45 | WEIGHT ON DRIVERS PER = |pounns| £ | 3800 | 4315 | 4185 | 3990 | 4090 | 4065 | 4170 | 4220 | 4250 | 4200 
46 TOTAL WEIGHT OF ENGINE PER Pounos| £ | 6210 | 7515 | 6890 | 6930 | 6960 | 6650 | 7010 | 7040 | 7320 | 6040 
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BRANDT—THE LOCOMOTIVE BOILER 397 
TABLE 5 GENERAL DIMENSIONS AND BOILER RATIOS OF EIGHT-COUPLED LOCOMOTIVES 
ITEM | 2 | 3 4 6 7 9 10 
|| type MEASURE 46-4 | 4-6-4 | 4-8-4 | 4-8-4 |6-4-4-6) 4-62 | 2-8-2 | 4-4-2 | 2-8-2 | 4-8-4 
| | RAILROAD GTNOR|SOUPAC, ACL. PRR.) PRR|PRR| MOPAC! U.P 
2 | CLASS s-2 | G-S-3) RI 3765 | #1737 | "752 95266 | ENGNO/ 920-934 
3 | YEAR BUILT | 1930 | 1937 | 1938 | 1938 | 1939 | 1914 | 1914 | 1904| 1925 | 1939 
4 | BOILER PRESSURE UgS rer 225 | 280 | 275 | 300 | 300 | 205 | 205 | 205 | 200 | 300 
| | STRONE INCHES | 29x29 | 26x32 | 27x30 | 26x32 | 27x28 | 27x30 | 205xa26 | 2°$3%32 25x32 
6 | DIA. DRIVERS INCHES 80 | 80 80 80 84 80 62 80 63 80 
7 | WEIGHT ON DRIVERS POUNDS 2.47300 267300 | 263127 | 286890| 281440 | 202880 | 235800 | 11000! | 244500 270000 
8 TOTAL WEIGHT OF ENGINE POUNDS 420900 460000 460270 | 499600) 608170 | 309140 | 315600 | 184167 | 340000 | 483000 
9 | TRACTIVE POWER POUNDS ~58300| 62800 | 63900 | 66000 | 76400 | 44460 | 61500 | 23880| 65700 || 63800 
10 | BOILER LO FIRST COURSE INCHES | eat | eat | | ait 762 | 763 | 652 | 88 
| BOILER ODLARGE COURSE INCHES 94 | 96 | sat | 102 | 102 | 89 | 89 | 928 | 100 
/i2 | LENGTH OVER TUBE SHEETS FEET S | 22-0 | 21-6 | 21-0 | 21-0 | 22-0 | 19-1 | 19-1 | 15-1 | 19-0 | 19-0 
13 | COMBUSTION CHAMBER LENGTH [INCHES 60 80 72 64 13 | 36 36 _ 33 90 
14 GRATE AREA SQFT 977 | 904 | 978 | 108 | 132 | 693 | 700 | 555 | 663 | 1002 
Vis | TUBE FLUE HEAT. suRF | 8 | SQFT 4402 | 4502 | 4181 | 4851 | 500! | 3729 | 3716 | 2471 | 3437 | 3071 
/16 | FIREBOX HEATING SURFACE! @ | SQFT 379 | 385 | see | 552 | 660 | 304 | 299 | 157 | 363 | 499 
17 | TOTAL EVAP. HEAT. SURF ral sart| | 4781 | 4887 4749 | 5403 | 5661 | 4033 | 4015 | 2628 | 3800 4470 | 
18 | SUPERHEATER SURFACE- STEAM SIDE] SQ FT 2265 | 2086 | 1497 | 2366 | 2085 | 908 | 908 | — 1051 | 1900 
19 | FIREBOX VOLUME CUFT. | 600 | 613 | 712 | 844 | 380 | 380 | 205 | 390 | 689 
AREATHRU BOILER | «6.94 9.04 | 9.75 | 10.30| 1139 | 910 | 910 | 526 | 88: | 9.90 
| STEAM AREA THRU SUPERHEATER| SQIN | 698 | 671 | 660 | | 1571 | 456 | 456] — | 513 | 704 
Ee} | MAX EVAR C CALCULATED TE 63640 | 65650 | 74155 | 79675 | 85930 | 52150 | 51750 | 35570| 52620| 70380 
24 MAX EVAR ON TEST CES PERT 65400| 59085 | 30721 | 61680 
[25 | NUMBER ASIZEOFPLUES 195-34 |198-34| se-st| 22034) 6953| 20-55) — | |184-32 
| NUMBER & SIZE OF tues | 49-24 S2-24| 210-24 | 237-21 | 315-2 | soed 
| 27 | a | song 40-15] — | | 93-13 
[23 | | | 
008 POWER | SOFT isa | | 152 | 156 | 204 | 148 | .220 134 | 455 
| SORT | 09: | 100 | o99 | o9s | | | 131 | 095 | 133 | 099 
oF Tune FLUE HS | SQFT. 00233 | .00212 | 00228 |.00242 | 00246 | .00213 | .00256/| .0025 
33 | | 168 | 14a | tsa | | 179 | 114 | 232 1.57 
TOTAL EVAP HS. | sort | | o20s | | o206 | o199 | o233 | 0172 | 0175 | | 0175 | 0226 
| POWER” curt | 990 | 955 | 960 | 10.80 | 1.05 | 6.50 | 618 | 6.56 | 5.93 | 10.60 
36 | OF GAS AREA curt | 66.4 | 59.7 | 69.1 | 73.0 | 418 | 41.8 | 39.0 | 44.2 | 697 
2" | 5 atoeae ie | curr | 8 | 664 | 5.90 | 660 | 6.40 | 5.50 | 5.44 | 3.70 | 5.08 | 6.89 
curt|1$ | 123.0 | 129.0 | 131.8 | 149.0 | 944 | 945 | 78.0 | 103.0 | 154.0 
39 | SOFT OF GRATE | sort] 4.26 | 5.02 | S.i2 | soo | 439 | 427 | 263 | 5.47 | 4.99 
40 | 40 | x100 | SOFT 7.93 | 7.87 | 12.00 | 10.20 | 11.67 | 753 | 745 | 507 | 955 | 
| 41 | TRACT POWER sort e20 | 779 | 743 | | 740 | 907 | 670 | 100 | s77 | 702 
a2] SQPTOF GR _— SQFT. 15 | 490 | 541 | 485 | 50.0 | 429 | 583 | Sas | 47.4 | 573 | 44.7 
49 | | | | 427 | 316 | 438 | 369 | 226 | 227 — | | 
44 | PERCENT GAS AREA THRU FLUES 908 | 87 | ses | 687 | 57.5 | 435 | 435 | — 50.3 | 89.0 
45 | be SFr ee PER POUNDS rai 4240| 4250 | 4120 | 4350 | 3680 | 4560 | 3630 | 4590] 3720 | 4230 
46 TOTAL WEIGHT OF ENGINE PER |pounps | 7210 | 7330 | 7200 | 7570 | 7960 | 6950 | s!25 | 7690 | SI70 | 7560 
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TABLE 6 GENERAL DIMENSIONS AND BOILER RATIOS OF ARTICULATED LOCOMOTIVES 


JULY, 1940 


UNIT 


TYPE 


5 


7 


MEASURE 


4-6-6-4 


4-6-6-4 


2-8-8-2 


2-8-8-2 


RAILROAD 


NOR.PAC, 


D&RGW 


GT.NOR. 


N&w. 


CLASS 


L105 


R2 


Y6 


| YEAR BUILT 


1937 


1938 


1929 


1936 


| BOILER PRESSURE 


LBS PER 
SQIN. 


275 


255 


240 


300 


| CYLINDER DIA. & STROKE 


INCHES 


22x30 


24x30 


22x32 


DIA. DRIVERS 


INCHES 


69 


70 


| 23x32 


28x32 


70 


63 


25X32 


39 X32 


57 


| WEIGHT ON DRIVERS 


POUNDS 


379000 


330000 


430100 


386000 | 


TOTAL WEIGHT OF ENGINE 


POUNDS 


450500 


480000 


570000 


56600 | 


435 000 | 


624500| 


TRACTIVE POWER 


POUNDS 


81240 


82300 


104500 


97400 


BOILER LD FIRST COURSE 


INCHES 


87 


822 


104500 


43 7930 | 


641900, 
105000. 


BOILER O.D.LARGE COURSE 


INCHES 


1055 


102 


LENGTH OVER TUBE SHEETS 


FEETS& 
INCHES 


COMBUSTION CHAMBER LENGTH 


INCHES 


24-1 


Ws 


22-0 | 


544000 
630780 


522850 
$82900 
126838 


558900 
723400 


GRATE AREA 


SQ.FT. 


TUBE & FLUE HEAT. SURF. 


SQFT. 


FIREBOX HEATING SURFACE 


SQFT. 


TOTAL EVAP. HEAT. SURF. 


WATER SIDE 


SQFT 


SUPERHEATER SURFACE - STEAM SIDE 


SQ FT. 


FIREBOX VOLUME 


CU. FT. 


GAS AREA THRU BOILER 


SQ.FT. 


TYPE OF SUPERHEATER 


STEAM AREA THRU SUPERHEATER 


SQ.IN 


MAX EVAR CALCULATED 
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Discussion 


R. W. Anperson.'* In his paper, the author clearly shows 
the importance of locomotive design ratios and successfully 
points out the limitations of formulas advocated by various 
locomotive-boiler authorities. Such limitations are primarily 
due to the lack of test data. For modern boilers, this in turn 
necessitates yet further approximations in the present inadequate 
formulas which must be used as a basis of design. Locomotive 
boilers are now being subjected to greater demands than ever 
before and the performance required will certainly not be lessened 
to ease the situation. 

Weight and clearance dimensions immediately fix limitations 
which cannot be exceeded and which have the definite effect 
of hindrance in the design from its inception. However, in 
spite of these limitations and with the admittedly inadequate 
design formulas, filled as they are with estimated coefficients, 
boilers have been and are being built which generate more than 
the calculated quantity of steam, although the ratios between the 
grate areas, flue areas, firebox volumes, heating surfaces, etc., on 
successful boilers, vary within wide limits from the steam-gen- 
erating viewpoint. However, when such boilers require more 
than the usual amount of attention considered necessary to keep 
them in proper condition, they can hardly be classified as being 
satisfactory for continuous operation. 

All these conditions certainly point to the necessity of a central 
testing plant for such jobs. The experiments on the design 
formulas and ratios would no doubt take several years. Inde- 
pendent investigations and tests are often unsatisfactory due 
tolack of adherence to standard test codes and methods of collect- 
ing information. 

The high draft-tube readings which are obtained in front-end 
experiments on some railroads lead others to try similar arrange- 
ments only to find that the new application could not survive 
transplanting. It would have been much cheaper to borrow the 
draft tubes, providing a standard measuring device for testing the 
existing arrangement. 

If a series of boilers of various proportions were developed in 
such fashion, the major prob- 
lem, namely, availability, is 
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necessary evil attached to 300-lb-pressure boilers; to elimi- 
nate this condition a thorough study should be made of various 
furnace designs and the proper materials to use in their con- 
struction. 

The engine portion of the locomotive has always received the 
greatest amount of attention from the designer’s viewpoint. 
Consequently, the boiler is often changed to accommodate cer- 
tain other parts which no doubt could have been altered to avoid 
affecting the boiler design. For instance, the trailer-truck design 
limits the grate and ashpan arrangement but, if the furnace de- 
sign were given the attention it should have on modern loco- 
motives and every effort made to have the trailer come within 
the limits specified, there would undoubtedly be a considerable 
saving realized in firebox, grate, and ashpan maintenance 
charges. 

The performance of high-speed engines on long runs has created 
many problems in regard to lubrication and materials which must 
be solved. It will take a lot of coordinating to accomplish this. 


E. G. Battery.“ The writer will confine his discussion to one 
phase of this paper, applying the data therein presented to the 
method of comparison of steam-boiler performance, covered by 
his paper’ on that subject. 

Throughout his paper the author has very properly men- 
tioned the question of absorption efficiency and combustion 
efficiency, or total boiler and superheater over-all efficiency, which 
is in reality the product of the other two. The data given in 
his Figs. 13 and 14 are sufficiently complete to show wherein the 
difference lies between combustion efficiency and absorption 
efficiency, both relating to coal-fired boilers. However, in Fig. 
10 he gives data of an oil-fired marine boiler which happens to be 
the same as boiler F, Table 3, in the writer’s paper,'* and also 
two oil-fired locomotive boilers, Southern Pacific AC4 and Santa 
Fe 3766. The difference between the efficiencies of these and 


18 Vice-President, The Babcock & Wilcox Company, New York, 
N. Y. Mem. A.S.M.E. 

6 ‘*Steam-Boiler Performance and a Method of Comparison,” 
by E. G. Bailey, Trans. A.S.M.E., vol. 62, July, 1940, pp. 367-378. 
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SYMBOL |. A M-207_| M-345 | | 
F-/ Nyc. J-i-B PRR M-I- PRR. 5-9-02| 5-20-02 
[BOWER RIN LER FIG.F LOCOMOTIVE LOCOMO iCOMOT! 
TED STEAM OUTPUT - LB/WR 67000 57 700 67850 67850 
4 STEAM OUTPUT ON TEST-1B 66070 84800 80000 99095 17830 _| 17200 
STEAM PRESS. AT SUPERMERTER OUTLET -L8/IN?GA 09 225 250 250 166 170 
6 [SATURATION TEMPERATURE - F 426 397 406 406 373 375 
STEAM TEMPERATURE- AT SUPERHEATER OUTLET ~ °F 5 SATURATION 
(6 |FEZDWATER TEMPERATURE - °F. 635 | 724 
AIR TEMPERATURE LEAVING AIR HEATER - °F 2/ 
0 [METHOD OF FIRING PUY. COAL MECHANICAL ATOMIZING OL BURNER STOKER STOKER STOKER HAND FIRED 
OF FUEL BITUMINOUS COAL B/TUMI COAL | BITUMINOUS COAL BIT COAL 
AREA OR FURNACE CROSS SECTION - 5Q FT 71.7 81.5 70 7o | 31.08 | 3010 
13 FUFL PER HR DiviDeD BY /TEM /2 70.3 157 207 345 94 847 
HEATING VALUE OF FUEL “AS FIRED” -B8TU/LB 1862 73 900 (DRY, 13 900 (DRY, 1) 7398 | 12265 
SECTION OF UNIT FUR! F/REBOX F/REBOX F 
% By 12.5 12.5 122] 94 
47 | FLUE GAS ANALYSIS LEAVING SECTION {02 Km 4) 6/ 
1 cO wn" » 0.0 [door | 
19 |7OTAL COMBUSTION AIR LEAVING SECTION - 723 723 740 | (63 | 
[20 [TOTAL WEIGHT WET GAS LEAVING SECTION - LB/HR, 22200 92200 36 800 | 38400 
| |HEAT AVAILABLE ABOVE - ENTERING SECTION-BTU/L 960 
MOISTURE BY WEIGHT IN FLUE GAS- % ea 3 63 49 az 
ADIABATIC TEMPERATURE - *F 93/5 
4 TOTAL HEAT INPUT FROM FUEL- MILLION B.7U./HR 94] 160.8 2085 3336 349 | 312 
TOTAL PREHEAT IN AIR ABOVE 80°F - MILLION BTU.7HR. 09 
TOTAL LOSSES - LATENT HEAT: CARBON MILLION BTU/HR | GO 6.6 6i3 914 1827 668 
27 HEAT AVAILABLE ABOVE 60°F -MKLION BTU/HR | 884 119.5 1509 263 | 224 
[LIBERATION - ITEM 27 DIVIDED BY ITEM 39-BTU/CUFTHR| “S| 208000 340000 246 000 3/8000 179 000 | 155 000 
27 DIVIDED BY 4/- ATU/SQ. FT HR. —]1163000] | 71/600 | 33200 | 15780 |425000| 18600 | 290500| 18950 | $74000| 24400] 15500 | 13200 
GAS TEMPERATURE LEAVING SECTION ~ °F x 2620] 2/20 | 1732 | 1000 510 745 730 
1 [HEAT iN GAS MILLION BTU. /HR. 884 7475 | 5255 | 4/85 | 22 849 150.9 | 1049 263 224 | 
132 | HEAT ABSORBED: INDIVIDUAL SECTION - MILLION BTU./HR. 1S.12 207 107 1935 | 12.4 346 390 460 
HEAT ABSORBED CUMULATIVE - MILLION BTU./HR 1S12 35.82| 4655 | 659 783 346 390 987 46.0 122 208 199 
HEAT ABSORBED: INDIVIDUAL SECTION DIVIDED BY ITEM2?- 171 234 | i2/ 220 74.0 290 335 305 aie 
HEAT ABSORBED: CUMULATIVE DIVIDED BY ITEM 27- Vo 71 40.5 526 746 886 290 647 335 843 305 809 791 689 
136 |HEAT ABSORPTION : INDIVIDUAL SECTION- BTU/5Q FT HR. 199000| 32300 | 20700 | 13550 | 7240 [723000 97000 714000 
HEAT 1ON: CUMULATIVE ~ BTU. FT 199000| 50200 | 37700 | 24800 | 14000 1123000| 15900 | 97000 | 15900 | 114000|7 12300] 1/700 
EQUIVQLENT HEAT RECEIVING SURFACE TEMPERATURE - by od 
39 | FURNACE VOLUME - CU. FT 424 353 475 475 147 i4 
SURFACES: INDIVIDUAL SECTION ~ 5. FT. 76.0 | 640 Sie 1426 | 2939 26/ 40 403 
I] SURFACES : CUMULATIVE- SQFT. 76.0 716 1232 | 2660 | 5599 26/ | 6356 | 403 6/8 403 | 6/ 1690 1697 
EOUIALENT SURFACE AREA (5004/0 ITEM 27)x/TEMH 430 6980 | 15000 | 3/700 | 1176 | 26500} /7/ 26500 / zo 32100 [97800 
(OLUME OF ENTIRE UNIT - CUFT. 2070 8/3 626 
[TEM 27 DIVIDED BY ITEM 43 -BTU/CU.FT HR. 42700 32400 | 27000 | 
DRAFT LOSS- INCHES OF WATER 2.53 203 | 196 
46 TOTAL DRAFT PLUS AIR PRESSURE -INCHES OF WATER 8.52 =o 412 
EFFICIENCY -% 7 | | 700 | 832 igi | 560 | 473 536 | 639 


the oil-fired marine boiler is outstanding, and further data as to 
the breakdown of this efficiency difference would be interesting. 
Fig. 16 of this discussion includes a typical pulverized-coal- 
fired stationary boiler, as represented by test B-1, Table 2 of the 
paper,'® and test F-1 for an oil-fired marine boiler from Table 3 
of the same source. The latter has been calculated to show the 
percentage of heat absorbed in the different sections of the unit, 
although the official efficiency tests cover only the over-all 
efficiency, as is plotted in Fig. 10..° In addition to the data 
which were plotted from Pennsylvania Railroad class M1A, the 
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New York Central class J1B, Fig. 14, 
the writer has also gone back to the data of Goss’s tests at Coates- 
ville in 1912 and selected the one with the most representative 
maximum rating giving complete results on a coal-fired radial- 
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TABLE 7 (Continued) 
HOUR 
G 10} bed RUN — 
A-2 COATESVULLE A-112R 6/035 3-3/-38 1-24-39 
RADIAL STAY LOCO —SSTEAMOTIVE AGIL STEAMOTIVE FIG i7 Ti TIVE Fig ST TIVE Fig 
Peace |. 2/000 40000 20000 20000 
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stay-bolt firebox, in which Dr. Goss determined the heat absorp- 
tion in the firebox separately. From Hitchcock,"’ the writer has 
also selected two road tests on locomotives conducted in 1902, 
from which sufficient reliable data were obtained to plot the ab- 
‘orption efficiency and the over-all efficiency, but without meas- 


"Road Tests of Consolidation Freight Locomotives,’”’ by E. A. 
Hitehcock, Trans. A.S.M.E., vol. 25, 1904, pp. 550-588. 


ured distribution between the firebox and the flues. Both the 
Goss and Hitchcock tests were without superheaters. Also from 
the paper,'* test A-2 of the French locomotive, with one half the 
tubes plugged, falls directly in line as to rate of output with the 
Pennsylvania class M1A at 345 lb of coal fired per sq ft of grate 
per hr. The other point of Pennsylvania class M1A plotted is 
taken to duplicate exactly the equivalent-surface area of the New 
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York Central class JIB at its maximum rate. It is to be noted 
that they come closely together and are quite consistent, while 
there is an indication that the tests on the French locomotive 
with its small firebox showed somewhat less efficiencies. 

Superposed on these curves are also data from the oil-fired 
Steamotive boiler as tested at Schenectady and reported in a 
paper's by E. G. Bailey, A. R. Smith, and P. S. Dickey; from the 
oil-fired Steamotive boiler on the Union Pacific steam turboelec- 
tric locomotive which has been described"® recently; as well as 
from tests on pulverized-coal-fired Steamotive boiler, conducted 
at Erie, Pa., during 1939. 

The Steamotive generators are high-pressure high-temperature 
units, as indicated in Table 7 of this discussion, and the slopes 
of the curves after the gases enter the superheater and economizer 
show very high rates of heat absorption due largely to the high 
mass flow and the suitable arrangement of the tubes with respect 
to gas velocity and gas temperature. A cross section of the 
Union Pacific oil-fired Steamotive boiler is shown in Fig. 17 and 
the pulverized-coal-fired unit in Fig. 18. 

Fig. 19 gives data from most of the units listed in Table 7 on 
the over-all efficiency basis. This includes boiler, superheater, 
economizer, and air heater. 

The pulverized-coal-fired stationary and Steamotive units, 
as well as the oil-fired marine and Steamotive units show only 
the normal difference between the absorption efficiency and 
the total efficiency, but the coal-burning locomotives show a 
marked diminution in efficiency due largely to cinder loss, which 
increases in general with the increased rate of firing. However, it 
is noted that the New York Central at 157 lb of coal fired per sq 
ft of grate per hr comes within the same range of over-all ef- 
ficiencies as were obtained from Goss’s tests at 73 lb of coal per 
sq ft, and the Hocking Valley tests at 85 and 95 lb, respectively. 

In the author’s Figs. 13 and 14, by means of dotted lines, he 
shows the heat absorbed in the firebox. His treatment of that 


18 ‘‘Steamotive,”’ by E. G. Bailey, A. R. Smith, and P. 8S. Dickey, 
Mechanical Engineering, vol. 58, December, 1936, pp. 771-780. 

19‘*Progress in Railway Mechanical Engineering, 1938-1939,” 
Report of Committee RR6, Railroad Division, A.S.M.E., Mechanical 
Engineering, vol. 62, December, 1939, pp. 863-875. 
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subject in the text indicates definitely that he has the correct 
conception of the variation of this figure with rates of heat avail- 
able, rather than the use of a constant figure of 55 lb of steam 
per sq ft of firebox per hr, which was evidently based on Goss’s 
tests, as reproduced herewith. Fig. 20 expresses per cent of heat 
absorbed in the firebox as a function of the Btu available per 
square foot of actual heating surface. This gives data from Goss 
and the French locomotive tests as plotted points. It also gives 
a curve, calculated from the Hudson-Orrok formula” for which a 
basis of 13,900 Btu of coal with 11.8 lb of air per lb of coal, has 
been selected, which corresponds closely to 19 per cent excess air 
and 3600 F adiabatic temperature. Broido’s average curve also 
is shown within the range in which it is given in his paper*! before 
the Society. It would seem from this that the author’s dotted 
lines of Figs. 138 and 14 may be somewhat high, and the curves 
of Figs. 16 and 19 of this discussion are plotted on the basis of 
being taken from the Orrok curve. One could readily plot in Fig. 
16 the curves from Brandt’s data as shown in Fig. 20. This 
would indicate a relatively higher rate of heat absorption in the 
firebox than seems to exist on other types of furnaces and, even 
at the same rates of Btu available, they are markedly higher than 
is indicated by Goss and the French locomotive, both of which 
were based upon actual weights of water evaporated by the fire- 
box surface. 

It is doubtful if this question of distribution of heat absorption 
between the firebox and the flues of a locomotive boiler can be ac- 
curately determined by gas-temperature measurement. The 
difference in the size of the flues, the resistance, gas velocity, and 
stratification of both quality of gas and temperature make it 
difficult, even though a device could be used which would get 
the true gas temperature. The cold surroundings of the tube 
sheet and flues will influence any thermocouple readings, even 
with the high-velocity method, to the extent that the data would 
be questioned. Therefore, it seems that the method used by 


2 ‘Estimation of Radiant-Heat Exchange in Boiler Furnaces,” 
by G. A. Orrok and N. C. Artsay, Combustion, vol. 9, no. 10, April, 
1938, pp. 37-42. 

21 ‘Radiation in Boiler Furnaces,” by B. N. Broido, Transactions 
A.S.M.E., vol. 47, 1925, pp. 1123-1147. 
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Goss and the French locomotive may be the only one in which 
such distribution can definitely be determined. Knowledge of 
this, however, only affects the detailed slope of the curve at the 
lower portion, when plotted on the equivalent-surface basis. 
The upper points on both the absorption-efficiency basis and 
over-all efficiency basis are equally reliable from well-conducted 
tests and show the important part of the over-all efficiency and 
the rate of heat input. 

The author brings out clearly the limited area for gas flow 
entering the tubes and flues of the locomotive boiler. On a water- 
tube arrangement of heating surface, such as used in the Steamo- 
tive, this area can be made anything desired within reasonable 
limits. The designs now operating have more than twice the 
area on & given capacity basis than is possible on the locomotive 
units as shown by the author. 

A further study of draft loss through the respective units is also 
of interest. The different tests in the writer’s paper’ give the 
over-all draft loss including the air heater, if any, burners, or fuel 
bed, draft loss through boiler settings, superheater, economizer, 
and air heaters, if any, as the total pressure drop. It would be 
helpful if in his closure the author could supply the data in a form 
which might be compared more readily than that as given in 
Fig. 5, showing back pressure. 


J. M. Duncan.** The author reminds us that, in current 
locomotive practice, combustion rates and heat releases are far 
higher than any realized commercially in stationary plants. 
If industrial and central-station heat-power engineers could ap- 
proach these rates, they would advance their art by materially 
reducing capital costs. 

Pennsylvania Railroad locomotive class M1A appears to 
be designed for a heat liberation of 250,000 Btu per cu ft of fur- 
nace volume per hr, burning 121 lb of coal per sq ft of grate area 
per hr. Figs. 8 and 12 of the paper indicate that under these 
conditions combustion is substantially complete, the dry flue-gas 
loss being moderate, but the unburned-coal loss is 30 per cent. 
The furnace heat absorption is 41 per cent of the heat liberated, 
and the average heat absorption in the furnace is about 87,000 
Btu per sq ft of furnace walls per hr. Data on furnace tempera- 
tures and excess air are not given. The writer calculates the 
exit furnace temperature at 1800 F and the excess air at 70 per 
cent. These figures may be considerably in error as essential 
data are lacking. Unburned-coal losses for other locomotives 
are above and below this 30 per cent figure at the same heat-re- 
lease rate. At this rate, New York Central locomotive J1B 
has a loss of 12 per cent. 

The author’s objective is to develop means for increasing loco- 
motive capacity and efficiency. Any increase in efficiency ac- 
complished within existing weight and space limitations will, 
if present fuel-burning ability is maintained, automatically in- 
crease locomotive capacity. Two opportunities for increased 
eficiency lie in reduction of dry-flue-gas loss and reduction of 
unburned-coal loss. As pointed out by the author, convection- 
heat transfer is efficient. Improvements must be sought in fur- 
conditions. 

If the underfeed or traveling-grate stoker can be adapted to 
comotive service, will not the unburned-coal loss be auto- 
matically almost eliminated? The very fact that such large losses 
are tolerated indicates that the sprinkler type is accepted as in- 
dispensable for the large modern locomotive. But, if these other 
'ypes can be adapted to this service, important advantages will 
be realized in addition to reduction of unburned-coal loss. This 
8 principally because with these other types furnace absorption 
ficiency can be greatly increased. 

_An increase in furnace-absorption efficiency would reduce dry- 


* Petersburg, Va. Mem. A.S.M.E. 


gas loss almost proportionally if excess air is unchanged. If the 
increase is accomplished while reducing excess air, a further gain 
will be made. The following relations are calculated for a New 
River coal, assuming complete combustion with no air preheat: 


Furnace exit, Furnace absorption efficiency, per cent— 


F 20 per cent excess air 80 per cent excess air 


These figures indicate that excess air cannot be materially 
reduced without incurring slag accumulations in flues with many 
coals which must be burned on railroads, unless furnace absorp- 
tion efficiency can be greatly improved. The writer believes 
that the improvement must be brought about by a radical change 
in stoker design. This appears to be the author’s conclusion 
when he says: 

“From the studies made of this problem it is doubtful if the 
percentage of heat absorption can be increased to much more than 
50 to 55 per cent of the heat liberated, by increasing the amount 
of firebox heating surface, because the amount of radiant energy 
absorbed is limited by the effective surface of the fire bed and 
the luminosity of the flames.” 

In regard to the effect of smoky flames the author says: 

“Tt has been demonstrated that the radiation from the flames 
is largely due to incandescent particles of fuel and ash in the 
flame. The quantity and distribution of this radiating material 
in the flames, together with the amount of firebox heating sur- 
face, determine the coefficient of emission or absorption. This 
explains why boilers fired with oil give higher superheat; the 
less luminous flames of the oil fire will give up a smaller percent- 
age of heat to the firebox by radiation, and the gases entering 
the flues are therefore hotter.” 

These remarks doubtless apply to a comparison of pulverized- 
coal and oil flames. But the facts cited tend to divert our atten- 
tion from the controlling influence of luminous flames in reducing 
over-all radiant-heat absorption in stoker-fired furnaces wherever 
the grate is not obscured by an arch. The luminous flame will, 
it is true, lose more heat than the nonluminous flame (if high 
turbulence is maintained) but it will at the same time hide the 
incandescent and much hotter stoker fire from the heat-absorbing 
walls to a great extent. The author’s remarks do apply to the 
stoker-fired-locomotive furnace shown in Fig. 3, where the lumi- 
nous flames created by the sprinkler-type stoker are of advantage 
because that stoker requires an arch to reduce the unburned-coal 
loss. In such a furnace clear flames would be a disadvantage. 
Data of Fig. 3 do in fact indicate the presence of highly luminous 
flames. The velocity at section C is materially lower than at 
section B although the gas areas are practically equal. If flames 
were completely transparent, temperatures would be nearly equal 
throughout this section of the furnace. 

The importance of clear furnace atmospheres in underfeed- 
stoker-fired furnaces was forcefully impressed upon the writer 
when observing some tests using a high-volatile coal. Operators 
had been unable to obtain smokeless combustion at moderately 
high rates. Boiler exit temperatures were higher than they 
should have been although excess air was less than guaranteed. 
A test operator then took charge for higher rate tests. While 
maintaining the same percentage excess air as before, he pro- 
duced a transparent furnace atmosphere at considerably higher 
combustion rates and the excess boiler-exit temperatures were 
reduced. It was obvious that a large increase in the percentage 
of furnace heat absorption had been obtained. This must have 
been due to the removal of smoke and luminosity from the 
flames, thus allowing the fuel bed to “‘see’’ the furnace waterwalls 
and roof. 
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During those tests it occurred to the writer that furnace heat 
absorption and over-all boiler performance could have been in- 
creased in spite of smoky furnace atmosphere if the “hydraulic 
mean radius” of the furnace were reduced by installing tubes 
spaced, say, on three- or four-foot centers throughout the upper 
portion of the furnace. (The vertical screen used to divide many 
modern powdered-coal furnaces, e.g., Fisk Street, appears to be a 
development of this sort, perhaps made more necessary by the 
essentially opaque nature of the flames in such furnaces.) The 
degree to which this could be carried out without prejudice to the 
furnace function depends upon the effect upon combustion. Has 
the author data upon the relation between furnace temperature 
and completeness of combustion—of carbon and hydrocarbons as 
well as of CO? 

The sprinkler-type stoker seems inherently incapable of realiz- 
ing high radiant-heat absorption. Its fuel bed is probably lower 
in surface temperature than that of the underfeed or traveling- 
grate type. Heating of green coal should not be spread over the 
fuel bed if a hot surface and a smokeless furnace atmosphere are 
desired. The other types of stokers confine the distillation of 
green coal to a small section of the fuel bed and so leave a large 
area of highly incandescent coke to radiate to the furnace walls; 
they also produce less smoke and consume it more rapidly. Such 
stokers do not require the arch shown in Fig. 3, which completely 
obscures the fuel bed from most of the furnace walls even if 
smoke is not produced. 

Furnace-gas turbulence has been recognized as desirable to 
assist in attaining complete combustion. The writer believes it 
should be sought also in order to insure maximum radiant heat 
transfer at all times that an absolutely clear furnace atmosphere 
is not maintained. Evidently the gas velocities shown in Fig. 3 
bring a high degree of turbulence. The temperature drop in- 
dicated by velocity drop is several times what could be caused by 
convection heat transfer. Smoky flames require high turbulence 
successively to turn new envelopes toward cold furnace walls if 
high radiant heat transfer is to be realized. The importance of 
turbulence therefore is great even if combustion (of CO) is com- 
plete without it, and especially where small excess-air ratios tend 
to cause hazy or smoky conditions in the furnace. But the 
sprinkler type of stoker has some critical rate of furnace-gas tur- 
bulence above which unburned-coal losses become prohibitive. 
Turbulence in furnace gases would not adversely affect the under- 
feed or traveling-grate stoker in this respect. 

Thus the underfeed and traveling-grate stoker appear to be 
capable of increasing locomotive efficiency, and therefore capacity, 
by increasing furnace-absorption efficiency and reducing un- 
burned-coal loss. Stationary-plant experience does not yet 
extend economical coal-burning capacities to the rates evident 
from an inspection of the author’s Tables 1 to 6. However, as 
the author has noted, furnace-wall area is not the controlling fac- 
tor in radiant heat transfer. The controlling factor is the area 
of the hot body, and even more, its temperature. Thus a larger 
grate area could with advantage be adopted, sacrificing furnace- 
wall area as necessary to obtain it, provided the furnace wall 
could see the fuel bed so installed. This larger grate area would 
also be helpful in reducing such slight tendency as there would be 
(slight, that is, compared to unburned losses now accepted in 
locomotive operation) for fuel to blow off the grate. In this con- 
nection, it would be interesting to know whether the higher com- 
bustion efficiency shown in Fig. 8 for locomotive NYC-J1B is due 
to the lower rate of coal combustion per square foot of grate 
area, which is inferred from the data given in Table 1. 

It is suggested that a design for high efficiency and capacity 
should aim at: 

1 Feeding coal in such manner as to throw no fines up into the 
furnace atmosphere 
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2 Confining distillation of volatile constituents to a small 
area of the fuel bed. 

3 Maintaining a large incandescent coke area within full view 
of the furnace walls. 

4 Operating at high rates with about 20 per cent excess air, 
with little or no smoke and a nearly nonluminous flame. 

5 High turbulence in the furnace, with furnace designed for 
smallest practicable volume-area ratio to increase furnace heat 
absorption if smoky flames cannot be avoided. 

Such a design should operate with little or no unburned-coal 
loss and with very low dry-flue-gas loss. If applied to locomotive 
PRR-MIA a reduction in fuel consumption of over 30 per cent 
should be realized. Designed capacity would in that event be 
realized with a fuel-burning rate of about 80 lb per sq ft of grate 
area per hr. Reduction to this moderate rate would, as shown by 
the author’s data, considerably reduce engine back pressure, still 
further increasing efficiency and capacity. These possibilities 
are undoubtedly known to locomotive designers. The writer 
would appreciate knowing the principal difficulties which have 
stood in the way of their realization so far. 

The author’s paper suggests that there is a great opportunity 
for the application of rational design methods to locomotive- 
boiler practice. It is evident that a large amount of data awaits 
systematic analysis, following which the several combinations 
of furnace, stoker, and boiler indicated by that analysis as 
worthy, could be tested at moderate cost to achieve a fine com- 
mercial design. 


R. Exsercian.*? Not only has the author given a comprehen- 
sive contribution on locomotive-boiler characteristics and limi- 
tations, but he has pointed out some pertinent factors which have 
not been clearly recognized before. One outstanding factor is 
the tremendous influence of increased gas area through the boiler 
on evaporation capacity and its tendency to sustain fair ef- 
ficiencies through a wide range of firing rates. The slope of the 
boiler efficiency against firing rate is particularly significant as 
to the maximum evaporation capacity. On the basis of a linear 
variation of boiler efficiency against firing rate, we must neces- 
sarily have a parabolic evaporation curve against firing rate. 
The maximum evaporation occurs, then, at a firing rate at which 
the boiler efficiency is just one half the efficiency at zero firing 
rate. This means that, to obtain high firing rates at maximum 
evaporation, the slope of the efficiency curve against firing rate 
must be flat. Pennsylvania Railroad locomotive M1A shows 
this to a predominant degree and, with this characteristic, we 
note the corresponding large gas area through the boiler as com- 
pared with some other types. 

One major feature of the advantage of the steam locomotive 
over all other types of motive-power units is its considerable 
overload capacity. Locomotives under normal operation do not 
perform at firing rates corresponding to their maximum evapors- 
tive capacity. The normal rating may either be limited to 4 
definite over-all efficiency or to a firing rate corresponding to some 
percentage of the firing rate at maximum evaporation. Ina well- 
designed boiler, both aspects are compatible. Mr. Fry’ assumes 
the boiler efficiency to vary as a straight line against firing rate 
and arrives at a parabolic curve for the evaporative capacity 
against firing rate. This assumption is well borne out in this 
paper, Figs. 4 and 10. On this basis if F is the over-all boiler 
efficiency and z the firing rate in pounds of fuel per hour 


F =m— nz 
and, if H is the heating value per pound of fuel, the total evapor 
tion is 
23 Consulting Engineer, Edward G. Budd Manufacturing Compa), 
Philadelphia, Pa. Fellow A.S.M.E. 
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E = KFHx = KH (mz — nz’) 


The maximum evaporation occurs at a firing rate z,, such that 


ot: that is, m — 2nc = 0 
dz 


2 
and Bun = K = 
4n 


m 
Sy — 


If the normal firing rate is taken at some percentage k of the 
maximum firing rate z,,, then z = kz,, = os and, since the ratio 
of normal to maximum firing rate is 

_ — naz? 
m*/4n 
= (2—k)kE max 


With k = 0.5 then EF = 0.75 Emax. If k = 0.66, then E = 
0.89 Emax. This shows that firing rates exceeding 50 per cent 
of the firing rate, corresponding to maximum evaporation, rap- 
idly approach the maximum capacity of the boiler. 

Another limitation of firing rates is dependent upon maintain- 
ing a fair over-all boiler efficiency F. In fact, if we limit this 
over-all efficiency to Fo, then 


which gives the per cent firing rate relative to that at maximum 
evaporation corresponding to the limited efficiency Fo. 

For example referring to the author’s Figs. 4 and 10, the 
K48 locomotive, which is representative of good average per- 
formance and, with a boiler efficiency limited to 65 per cent, the 
corresponding firing rate is roughly 50 per cent of the maximum. 
Considering this as a normal firing rate, the maximum evapora- 
tive capacity is roughly 33 per cent greater. But with this over- 
load the boiler efficiency rapidly falls. 

With Pennsylvania Railroad locomotive M1A, the relatively 
mall slope permits a large overload capacity but at the expense 
of relatively poor efficiencies at the lower firing rates when com- 
pared with the K4S, and similar types. 

It would seem, therefore, that boiler proportions which per- 
mit higher over-all efficiencies than are found in the M1A, but 
with less slope of the efficiency-firing-rate curve as with the 
K4S type, are more desirable, thus giving higher efficiencies at 
normal firing rates with greater overload evaporative capacity. 

It is of interest to note that, in normal locomotive operation, 
the heat in fuel fired per cubic foot of firebox volume is in the 
order of 250,000 Btu per hr. In the MIA this reaches over 
650,000 Btu per hr at a combustion efficiency of 50 per cent. The 
Velox boiler attains the latter value at a combustion efficiency 
around 90 per cent, by means of injecting the combustion air 
under pressure. The pressure in the firebox is in the order of 
30 Ib per sq in., effected through a compressor driven by an ex- 
haust-gas turbine. It appears that, in the orthodox locomotive 
boiler, greater combustion efficiency can be obtained through 
— of the injection air above the grate as suggested by the 
author. 

In the conclusion to the paper, he cites that it is the engine 
Which deserves the most attention as its thermal efficiency is so 
low that even a slight improvement is important. This is true 

‘om two aspects, engines can work on improved cycles, i.e., with 
higher pressures and corresponding temperatures, provided 
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throttling losses can be reduced by more efficient cylinder de- 
sign, and by improved cylinder performance at high speeds. 
On the other hand, it is important to point out that, based on 
the availability of steam supplied to the engine at orthodox 
boiler pressures, engine efficiencies are remarkably high. The 
following analysis of cylinder performance with orthodox boiler- 
pressure and temperature limitations is of interest. The data 
relate to a 4-6-2 type locomotive with cutoff at 25.5 per cent. 
The steam conditions are given in the following table: 


Pressure, 
gage, |b Temp, Superheat 
per sq in. F F Enthalpy Entropy 
212 748 356 HAH, = 1395 @ = 1.727 
12 361 117 Hz = 1220 @ = 1.782 
HA, — Hz = 175 oi — o: = 0.055 
Steam consumption: 
2545 
= = 14.5 lb per hr 
Isentropic expansion: 
A, = 1395 Hy’ = 1175 
¢ = 1.727 a’ = 1.727 H, — H;’ = 220 


Thus, the cylinder efficiency based on the available energy 
175 
supplied is, 2, = 200 7 80 per cent; the cylinder losses amount 


to 20 per cent of the available energy across the engine. How- 
ever, these losses have a much smaller ratio, when considering 
the availability of the power plant as a whole, based on the avail- 
ability of the combustion gases. The largest loss from an 
availability aspect occurs in the locomotive boiler itself due to 
the large differences in flame and gas temperatures and steam 
temperatures in orthodox locomotives. The largest increase of 
the unavailable energy components is due to heat transfer. Rais- 
ing the boiler pressure and thereby the steam temperature to 
pressures exceeding 600 to 700 lb per sq in. reduces this loss, and 
results in marked improvement in over-all thermal efficiencies. 

Thus, cutting down the unavailable heat-transfer losses in the 
boiler really amounts to increasing the Rankine efficiency of the 
engine by operating on a higher pressure-temperature cycle. To 
accomplish this in any marked degree requires a radical change in 
boiler design and cylinder design as well, such as including com- 
pounding and other features, resulting in a greatly modified type 
of locomotive. 

Another opportunity for increasing the over-all availability is 
in lowering the back pressures at the entrance to the exhaust. 
The author has pointed out the significance of this feature in con- 
nection with the boiler design. 


J. R. Jacxson.** The performances of the steam boiler as 
described by the author are predicated on the evaporation of 
water into steam and involve the factors of fuel and water. In 
locomotive practice, the control of the grades of fuel supplied is 
fairly well in hand on most railroads, but the supply of water, 
as regards the foaming characteristics, is largely as nature sup- 
plies it. While it is common practice to treat locomotive-boiler 
waters chemically to reduce scale and corrosion within the 
boilers, no practicable method of treatment for the control of 
foaming within the boiler is known. So-called antifoam cem- 
pounds aid somewhat in foam control with certain waters, and 
it is common practice to control foaming by blowing boilers at 
terminals and on the line. However, in territory west of the Mis- 
sissippi River, we experience a seasonal foaming condition of the 
surface boiler-water supply which constitutes a serious operating 
problem. 


34 Engineer of Tests, Missouri Pacific Railroad Company, St. 
Louis, Mo. Mem. A.S.M.E. 
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It was for the purpose of making some studies of the actual 
conditions of foaming within a locomotive boiler that the Missouri 
Pacific Railroad in collaboration with the Electro-Chemical 
Engineering Corporation undertook a series of tests and observa- 
tions at St. Louis, in August, 1939. For these tests a locomo- 
tive boiler was fitted with bull’s-eye sight glasses in ‘he dome 
cover and the interior of the boiler was illuminated with special 
1000-w electric lamps to permit making observations and taking 
motion pictures of the interior of the boiler within and immedi- 
ately under the dome. A series of standing locomotive tests 
with different arrangements of steam driers and foam-controlling 
devices was carried out. |The motion-picture record disclosed 
the following: 

(a) The relatively rapid movement of the surface water in the 
boiler in a forward direction, the rate of movement being more 
or less proportional to the rate of evaporation. 

(b) The swelling of the surface water with the opening of the 
main throttle. 

(c) The development of a spongy or bubbly condition or 
state of the surface water accompanied progressively by a de- 
crease in the steam space under the roof sheet at the dome en- 
trance; the increase in the velocity of steam movement from 
the firebox end of the boiler toward the dome; the picking off 
of the expanded or frothy surface water at the dome restriction; 
the actual splashing of the water particles and foam carried by 
the high-velocity steam against the dry-pipe extension and up 
into the dome against the dome cover; and finally the actual 
carry-over of water and foam into the dry pipe. 

(d) The instantaneous subsidence of the expanded and foamy 
surface water within the boiler with the closure of the main 
throttle. 

(e) The control of foaming and prevention of carry-over 
through the medium of overflow into a foam-collapsing trough, 
located within the boiler at the surface of the water immediately 
under the dome and extending along the center line of the boiler 
toward the rear, and discharge from the trough through an elec- 
tromatic blowoff connection to the outside of the boiler. 

The standing tests were later supplemented by road tests 
between St. Louis and Kansas City during which additional 
motion pictures were taken of the interior of the boiler. 


L. B. Jonrs.% As a matter of interest, the writer will review 
the history of the development of the boiler referred to in the 
paper as the Pennsylvania M1A, which is shown to have ex- 
ceptionally high evaporation capacity. 

The first of these boilers to be built was not successful, so much 
water being carried over with the steam that no superheat was 
obtained. After some experiments, it was found that the per- 
formance was considerably improved by lowering the water 
level, the indications being that, if the steam space could be in- 
creased sufficiently, the trouble would be overcome. The boiler 
was accordingly redesigned, with a lower crown sheet and the 
dome barrel course raised slightly. The steam space was in- 
creased from 150 cu ft to 199 cu ft which, expressed in per cent 
of the total cubical content of the boiler, amounted to an increase 
from 16.5 to 21 per cent. The total evaporative heating surface 
was reduced from 4499 sq ft to 4319 sq ft, and the superheating 
surface was reduced from 2283 sq ft to 2052 sq ft. In spite of 
these reductions in surface area, the evaporative capacity of the 
boiler was increased, and a steam temperature of 730 F was 
maintained at very high rates of evaporation. 

The author’s comments on the necessity for liberal fire-tube 
area are deserving of special attention. It is pointed out that 
the energy required to move the furnace gases through the flues 
increases with the fourth power of the weight velocity, which 


_ % Engineer Tests, Pennsylvania R.R., Altoona, Pa. Mem. A.S.M.E. 
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involves the expenditure of power in the shape of cylinder back 
pressure at the exhaust nozzle. It is also pointed out that a 
reduction of 1 lb back pressure is equivalent to an increase of 
4 lb in steam-chest pressure for average rates of working. When 
we consider the relatively low value of tube heating surface as 
compared with firebox heating surface, it becomes evident that 
the locomotive as a whole can be materially benefited by an 
attack on the space between the front and back flue sheets, in a 
way which will provide greatly increased flue-gas area, with a 
possible accompanying increase in superheat area, without doing 
any damage because of reduced tube evaporating surface, which 
is not needed. 

We are inclined to take issue with the author on one point, 
namely, that the gas area can be increased at the expense of water 
space in the water legs of the firebox. While many boilers are 
operating with water space as low as 5 in., we believe that boiler- 
maintenance experience, compared with boilers having more 
liberal water legs, will eloquently support the wider space, with 
its accompanying longer stay bolts and reduced angularity of 
flexure. Important as flue-gas area is conceded to be, it should 
be obtained in other ways than by sacrificing water space along 
the sides of the firebox. 

In Figs. 6 to 10, inclusive, the author has tabulated some in- 
teresting data on boiler and combustion efficiencies. Consider- 
able danger is involved in comparing boiler efficiencies from tests 
made at different times and places, and with different fuels, es- 
pecially at the high rates of combustion necessary in a locomotive 
boiler. This is particularly true of the various Pennsylvania 
locomotives reported. The test data for all these locomotives 
were obtained at the locomotive test plant, but the tests were 
made at different times, using different methods of firing, and 
somewhat different fuels, with the result that the relative boiler 
efficiencies plotted in the diagrams do not faithfully reflect the 
true characteristics of the boilers. We have found that, when 
it is desired to compare conditions involving boiler efficiency, it 
is necessary to confine the source of fuel to one mine room or 
entry, and otherwise safeguard the handling of the fuel from 
the mine to the locomotive firebox. Two fuels of equivalent 
Btu content may show widely different boiler efficiencies in the 
same boiler because of texture and friability, as well as other 
variables. 


W. G. Knicut.* The author’s deductions as to the limitation 
of existing methods for calculating boiler efficiency are certainly 
correct. The writer feels that Mr. Fry’s formula’? would no 
doubt be ade.,uate if more data were available for the value of 
the constants involved. 

We have run standing tests on the Bangor and Aroostook 
Railroad which would bear out the New York Central contention 
that front-end design and nozzle size can be tested in this manner 
and properly adjusted for road service. 

The curve in Fig. 2 of the paper is interesting and has special 
value due to its being drawn from data concerning so many 
engines. Boiler diameter and gas area, of new power especially, 
could be more clearly considered after a study of data of this kind. 

When considering the distance from the top of the crown sheet 
to the boiler shell, it is advisable to do everything possible to in- 
crease heating surface in order to produce maximum boiler 
capacity and keep within the weight limitations. However, 
because of the general tendency of engineers to carry high water 
rather than low, it is the writer’s belief that too high a crown 
sheet will decrease dryness of the steam, lower the superheat, and 
otherwise affect lubrication and general performance. 

We have found on the Bangor and Aroostook that a ratio of 


% Mechanical Superintendent, Bangor and Aroostook Railroad 
Company, Derby, Me. 
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from 5 to 6, firebox volume to grate area, is decidedly advan- 
tageous as the road characteristics demand high boiler capacities 
for freight service. It is also possible with large fireboxes to 
adjust the arch to decrease the high velocity of gases at point 
A in Fig. 3 and bring them down to a value equal to or below 
the velocity in the tubes near the back tube sheet. 

During the last 5 years, we have tried several designs and a 
number of different percentages of air openings in grates, our 
latest experiment being made on an application with 60 per 
cent free air opening. As yet, we have not definitely proved its 
advantage since we are still changing the draft appliances and 
ashpan arrangement to achieve better combustion efficiency. 
We feel that a gain will result from using this large percentage 
opening. 

Much has been said in the last year or so on the subject of 
secondary air for combustion. Whether it would aid the older 
locomotives without considerable change in their design is a 
question. It would seem at present that equal efficiency can be 
obtained by an increased grate area and proper changes in draft 
appliances. 

The general trend of all roads recently has been toward much 
more efficient draft appliances. We have tried to keep pace with 
the ever-increasing demand for more horsepower by improving 
front-end design and decreasing back pressure. The improve- 
ments made along these lines have produced satisfactory results. 


A. I. Liperz.” The locomotive boiler as part of the steam 
locomotive has the value advantage of automatic self-regulation; 
in other words, to a certain limit it adjusts its evaporation to the 
demand of steam. This automatic feature is actuated by 
the back pressure from the engine. For a given back pressure the 
amount of steam exhausted by the engine through the nozzle and 
the draft of the boiler is fixed. A certain proportion of the com- 
bustion gases is then pushed through the flues and tubes of the 
boiler from the firebox into the front smokebox. This evaporates 
acertain amount of steam, which in turn is exhausted by the en- 
gine. Thus the cycle is completed and then repeated. If the 
speed and cutoff of the engine are varied, in accordance with the 
demand upon the locomotive, the back pressure and the evapora- 
tion are varied—this is the automatic self-regulation feature. 

By assuming a certain back pressure and the resulting draft, and 
figuring the amount of fuel burned in the firebox, it would be 
possible to calculate the amount of heat which is thus generated. 
Being familiar with the laws of heat transmission, and depending 
upon the gas velocities through the various sections as explained 
by the author, it would be equally possible to evaluate the amount 
of steam evaporation. For another back pressure and another 
fire rate, a different amount of steam evaporation would follow; 
thus the curve of steam evaporation, as a function of coal firing 
and back pressure, could be established. 

It is evident that this way of figuring, although logical in itself, 
would involve a great many calculations on the basis of laws of 
natural phenomena, which are not always known. It is there- 
fore simpler and more reliable to establish these curves by tests 
with locomotive boilers and to plot the curves, as has been done 
by the author in Figs. 4 and 5 of the paper. Likewise from 
tests, the combustion efficiencies can be plotted, the boiler and 
superheater over-all efficiencies can be figured, and, for further 
study, depending upon the length of tubes, mean hydraulic 
depth, etc., the heat absorption and various other factors can be 
established. 

The value of this paper consists of giving us concisely a com- 
plete series of curves from reliable tests as material for study. 
The author did not attempt to draw any conclusions except to 


"Chief Consulting Engineer, in charge of Research, American 
motive Company, Schenectady, N. Y. Fellow A.S.M.E. 


say that the present locomotive boiler is a very efficient steam 
generator, when compared to stationary boilers, especially taking 
into consideration its simplicity and weight. 

However, the writer would like to call attention to the pos- 
sibilities obtainable from a proper review of the author’s curves. 
From the foregoing statement of the automatic regulation of the 
boiler cycle, it is obvious that, in application to a locomotive 
boiler with the same principal fundamentals of design, the ef- 
ficiency and production of the boiler should be more or less 
uniform, depending upon certain ratios. These can be estab- 
lished from tests. In analyzing Figs. 7, 9, and 10, especially the 
latter, it is evident that the efficiency curves are straight lines, 
as is well known from the investigations of Professor Goss and 
Mr. Fry.’ Fig. 12 is still more interesting because it narrows the 
system of straight lines for a great variety of locomotive boilers 
tested in Altoona and in actual service on different roads. It 
also brings out the fact that the Pennsylvania M1A locomotive 
seems to be represented by a line about the average of all others. 

This, together with Tables 1 to 6 given in the paper, permits 
making a comparison of the various ratios tabulated therein. 
Thus it can be seen that item 31, which is the gas area per square 
foot of grate, varies for these locomotives and for these locomo- 
tives only, between narrow limits of 1.14 and 1.41 (columns 3 and 
4in Table 1; columns 1, 6, and 10in Table 2; column 10 in Table 
4; columns 6, 7, and 9 in Table 5). For the class M1A loco- 
motive it is 1.39. Further, the ratios of firebox heating surface to 
the total evaporating heating surface (item 40), of the total 
evaporating heating surface in relation to the grate area (item 
42), and of the superheater heating surface in relation to the 
total evaporating heating surface (item 43), vary also between 
limits which represent the best results of American practice. 

That these ratios are important and essential has been known 
for a long time by a great many investigators of American and 
European locomotives.**:* They are usually included in arti- 
cles describing new locomotives. This paper provides an op- 
portunity to study these figures and to establish such ratios as 
we might consider to be essential. Tables 1 to 6 will permit 
establishing rules at least for the following boiler ratios: The 
ratio of the gas area through the boiler to the grate area; the 
firebox heating surface to the total evaporating heating sur- 
face; the total evaporating heating surface to the grate area; the 
superheater heating surface to total evaporating heating sur- 
face. 

Of course, variations in these ratios are always necessary, 
depending upon the grade of fuel and local conditions. How- 
ever, the writer does not believe that the difference in local condi- 
tions justifies the great variations in locomotive design which 
prevail. Certainly, a certain degree of standardization can be 
introduced for locomotives on American railroads. 


T. C. McBrivg.*” This paper indicates the inconsistencies 
in the proportions of existing boilers and demonstrates the need 
for further tests to establish the best proportions. The Cole 
method’ for determining the evaporation to be expected from 
locomotive boilers, having the evaporation values based only on 
heating surface, is condemned as inadequate. Nevertheless, it is 
stated that “today these values are generally used by the loco- 
motive builders and railroads.’’ With no comparable substitute 
method in sight, an effort should be made to adapt the old and 
almost universally used method to present conditions. 


‘‘Die Eisenbahntechnik der Gegenwart,’’ by E. Briickmann, 
Berlin, 1920, Appendix. 

2‘*Handbuch des Dampflokomotivbaues,’’ by Prof. Dr. Igel, 
Berlin, 1923, pp. 73-86. 

%® Consulting Engineer, Railway Division, Worthington Pump & 
Machinery Corporation, Harrison, N. J. Mem. A.S.M.E. 
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It is necessary to reach an understanding of the various terms 
used throughout the paper to indicate capacity, evaporation, etc. 
Referring to the first table of the paper, the Strahl formula need 
not be considered because it is not used in this country. The 
“Cole evaporation” of this table might be defined as Cole’s con- 
ception of the maximum evaporation which boilers of about the 
year 1910 could be depended upon to develop when in operation 
on the road. Dr. Lipetz, in his 1932 paper® on locomotive ratios, 
endorsed such a definition but applied it to boilers built 20 years 
later. It is generally conceded now that this evaporation pre- 
sumed by Cole was very high for the boilers of about 1910 and was 
not realized until some years later with boilers of better propor- 
tions; but today that is immaterial if proper coefficients are ap- 
plied. The “actual test evaporation” of this table is the ulti- 
mate evaporation possible of attainment under the favorable con- 
ditions of a standing test of short duration, after elaborate prepa- 
rations had been made. Often a number of attempts have been 
made in an endeavor to obtain the highest possible figure. These 
could not be depended upon for road operation. The Cole 
evaporation should therefore be lower than the actual test evapo- 
ration; the fact that it is lower does not indicate inadequacy but 
rather confirms its adequacy for the purpose for which it was 
intended. 

The Cole evaporation of the Pennsylvania Railroad K4S 
locomotive is stated in this table to be 52,150 lb per hr. The 
actual test evaporation of 65,400 lb given in Table 5, column 6 
for the K4S of 1914 should be compared to the Cole value. This 
was only 25 per cent greater than the Cole, certainly not too 
great a margin for dependable operation on the road, as implied 
in the definition of Cole evaporation. The much higher actual 
test evaporation stated in the table for the Pennsylvania Railroad 
K4S; the actual test for the Pennsylvania Railroad M1A, 46 
per cent higher than the Cole; and the actual test for the New 

York Central J3A, 45 per cent higher than the Cole, all follow 
developments and improvements which place these boilers in a 
later class than was contemplated by Cole. They require the 
application to Cole evaporation values of a coefficient, such as 
the “evaporation coefficient” 8, of Dr. Lipetz’ paper.® 

However, the maximum evaporation of the greatest impor- 
tance is that now demanded from modern boilers in operation on 
the road. A fairly accurate estimate of this evaporation may be 
obtained by using the pumps of the Worthington heaters as 
water meters. The pump speed, noted when the locomotive is 
operating at the highest power output likely to be demanded of 
it, indicates demands for water up to 115 per cent of the Cole 
evaporation, that is, an evaporation coefficient of 1.15 for coal 
burners, with a still higher demand for oil burners. 

Twenty years ago, injectors having a capacity 75 per cent of 
the Cole evaporation were quite usual, at least in the eastern part 
of the United States. At that time, one 75 per cent injector sup- 
plied enough water for most of the operation. Coal burners in 
the West were operated at a higher evaporation, and oil burners 
at a still higher rate, but even then the latter did not attain the 
Cole evaporation. The increase in the evaporation coefficient 
from not much over 0.75 to 1.15 and the higher pressure and 
temperature of superheated steam are measures of the progress 
made in 20 years in feedwater heaters, stokers, better proportions 
of boilers, and front ends. 

Returning to the first table of the paper and applying an 
evaporation coefficient of about 1.15 to the Cole evaporation of 
the modern or modernized boilers, it is noted that the Cole 
value, as modernized by the coefficient, takes its proper position 
in relation to the actual test evaporation of the table. 

While only the proportions of the boiler, principally the firebox 
proportion, had to be considered, it was not difficult to follow 
the increasing evaporation coefficient and to predict the evapora- 
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tion to be expected and the amount of water the boiler would 
require. But, with the appearance of much more efficient front 
ends, an additional coefficient, presumably a draft coefficient, is 
needed. 

The author rightly urges more tests to aid in the determination 
of the best proportions for the boilers of locomotives. However, 
it is possible that much useful information could be obtained from 
data of tests already available, if curves were to be drawn show- 
ing the relation between boiler efficiency and percentage of Cole 
evaporation. The boiler showing the highest efficiency at the 
Cole evaporation would then represent the best proportions, at 
least as a first approximation. Corrections for differences in 
draft and other items might be necessary. Comparison of the 
height and slope of the efficiency curves would indicate which 
boiler proportion gave the highest efficiency at the higher capaci- 
ties and therefore promised the highest practical capacity; that 
is the information desired. 

Existing conditions are forcing rapid developments in the 
boilers of locomotives, especially in capacity. Prompt. collec- 
tion and analysis of all available data are urgently needed. In 
the writer’s opinion useful conclusions can be reached in the 
shortest time by the determination of the coefficients and the 
methods reviewed in this discussion. 


C. L. Merster.*' Railroad mechanical officials know that in 
these days of faster train speeds their locomotives must have 
ample steam capacity to take care of, not only the long-sustained 
runs, but all the auxiliary demands requiring steam; and careful 
design of the boiler is the first essential. 

This paper gives many timely suggestions: Ample combustion 
space; reduction at the vital points of the gas flow and the 
necessity of large gas areas; the relation of boiler diameter to 
total weight; grate area; flue efficiency factor; front-end 
design; and others. 

A copy of this paper should be in the files of every railroad 
mechanical officer, and studied not only by the chief, but by his 
draftsmen as well. It should be carefully studied by locomotive 
builders, who so often are prone to copy and perpetuate older 
designs with slight improvements here and there, based on road- 
performance experience in lieu of scientifically conducted tests. 

Although the author has correctly stated: “The superheater 
holds first rank of all the improvements made on the locomotive 
since George Stephenson’s time,” he has refrained from going 
into detail on this phase of the subject. The writer would like to 
have further information on the following matters: 

1 What is the practical limit to superheat temperatures on 
the present type of reciprocating locomotive, and what effect has 
superheat as high as 350 to 400 F, as used in Europe, on the 
economy and maintenance of locomotives? 

2 What are the iniportant problems affecting the design 
and materials of boilers and superheaters in connection with high 
steam temperatures? 

3 On the basis of final economy would the greatest advantage 
be obtained by the use of higher boiler pressures or higher supe! 
heat, or is there a combination of pressures and superheats which 
would give the best ultimate economy? 

4 In Table 5, column 5, relating to the Pennsylvania Rail- 
road class $1 locomotive, it is noted that this engine is equipped 
with a type “A” superheater having a large steam area as com- 
pared with other types. Is this a special type which permits 
such a great increase in the steam area, and what should be the 
advantage, if any, of using such a design? 

5 The author points out the desirability and effectiveness of 
type “E” superheater design in modern boilers, and a revieW of 


31 Mechanical Engineer, Atlantic Coast Line Railroad Compa2y, 
Wilmington, N. C. 
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the tables indicates that this type of superheater has generally 
been applied. It would be interesting to have a concise statement 
of the principal differences in the various superheater designs 
and the improvements which can be obtained by the use of the 
type superheater. 

6 Other features on which further enlightenment would be 
advantageous are the problem of unburned coal, due to large gas 
velocities, and the location of the stoker. Would not locating the 
stoker at the front, instead of back, of the firebox be an advan- 
tage even if it meant reducing the coal sizes so as to be more 
easily handled? Would the problem of high gas velocities and 
resultant losses caused by unburned coal be improved by the use 
of pulverized coal? 

7 In the paper and conclusion, the author refers to the com- 
petitive condition of Diesel and electric locomotives. Has a real 
economic analysis been made of the comparative economics of 
the modern steam locomotive with that of the Diesel or electric 
operation, both as to availability, first cost, operating cost, and 
maintenance? 


R. M. OsterRMANN.*?. The author’s wide experience in design- 
ing superheaters for locomotives, and proportioning them prop- 
erly for best over-all performance, has perhaps suggested to him 
that it might be superfluous to discuss the limitations of loco- 
motive-superheater design in a more detailed manner; his 
discussion on superheaters is brief indeed. And yet, it would seem, 
since the superheater is such an integral part of the locomotive 
boiler, and its design is so bound up with the design and per- 
formance of the boiler itself, that locomotive designers as well as 
the users thereof would have been interested in a more thorough 
exposition of the various factors which not only determine boiler 
capacity and boiler efficiency, but also the capacity and efficiency 
of the superheater, the steam pressure loss which it creates, and 
the added draft requirement which is the result of its installation. 
The practice of locating the superheater heating surfaces within 
the flues has evolved from several past trials of other arrange- 
ments, and now can be considered a virtual standard wherever 
steam locomotives are used. The practice has become standard 
because superheating the steam either in the smokebox or in the 
firebox was found to be impractical for a number of reasons. 
Thus, one is confronted with one general limitation of the loco- 
motive superheater in that it is heated by gases, the temperature 
of which is that available within the locomotive-boiler flues. 
Such temperatures generally range between 600 and 2000 F. 

The author discusses at length the factors which affect the heat 
absorption of the evaporative heating surfaces of the boiler 
barrel when in contact with gases of such temperature. These 
same factors, of course, also influence the superheating capacity 
because the latter depends upon the mass velocity of the gases 
flowing over the superheater units, and the temperature difference 
between the gases and the steam to be superheated, from point 
to point in the steam path. 

There is, however, one essential difference between the me- 
chanics of heat transfer, as between the gases and the water, and 
& between the gases and steam. The speed of water circula- 
tion along the flues does not affect the total heat-transfer re- 
sistance on the water side of the flue nearly as much as the speed 
of the steam moving within the superheater-unit pipes affects the 
heat transfer between it and the gas. Experiments, covering 
such heat transfer, are on record and reveal that the specific heat- 
transfer resistance from the superheater tube to the steam varies 
inversely with the 0.75 power of the steam velocity. Whenever 
the velocity of the steam flow is reduced in the presence of an 
undiminished heating effect of the gases, heat is impounded in 


President, The Superheater Company, Chicago, Il. Mem. 


the metal of the pipe and its temperature is raised until the 
adverse effect of the lowered steam velocity upon the heat trans- 
fer between the pipe and the steam is compensated by a larger 
temperature difference between the two. On the other hand, the 
rise of the metal temperature causes a smaller temperature head 
between the gas and the metal, and a lessened heat transfer per 
square foot of superheater heating surface takes place unless 
compensation is made through a greater mass velocity of the gas 
flow. This eases up the specific heat transfer from the gas to the 
metal but, incidentally, also increases the draft loss. 

Quite naturally it would be desirable to build superheaters in 
locomotives which cause as little pressure drop of the steam as 
possible, for obvious reasons. However, if the physical laws of 
heat transfer are kept clearly in mind it is recognized that the 
superheater capacity, the evaporative capacity of the boiler 
barrel, the draft loss through the boiler barrel, the heat-absorp- 
tion efficiency, and the pressure loss in the superheater are all 
interlinked with the size of the available tube-sheet area. 

Locomotive superheaters may well be designed for special low 
pressure drops, but superheating capacity or draft loss or evapora- 
tive capacity have to be sacrificed, and such sacrifices may affect 
the maximum power output of the locomotive more than the 
pressure drop through the superheater, which, after all, is not a 
thermal loss. This emphasizes the author’s statement that re- 
duction of back pressure is relatively far more essential than a 
reduction of superheater pressure drop, pound for pound. Resort 


_ may be had to the so-called single-loop superheater which halves 


the steam velocity, and the tubes may be made of special alloy 
steel so as to operate them safely enough with the resulting higher 
metal temperature. However, this would result in a lowered 
superheating capacity. The steam velocity and pressure drop 
may also be reduced by increasing the diameter of the super- 
heater-unit pipes but, in that event, either evaporative heating 
surface must be sacrificed or the net gas area through the boiler 
reduced. Such limitations do not exist in other types of boilers 
in which the superheater may be placed at will into the gas stream 
where it is of a higher temperature than the one prevailing in the 
flues of a locomotive boiler, and, therefore, where the length of 
the steam path can be correspondingly shortened. At such a 
point in the gas path, it may also be possible to dimension the 
net gas area more liberally and without creating any undue draft 
loss. In such boilers, low-pressure-drop superheaters can then 
be more easily provided for than in locomotive boilers. 

The superheater research to which the author refers, actually 
produced several types of superheater units usable with 5!/2-in. 
flues, which are fundamentally different from the well-known 
double-loop unit, and which, by reason of this difference, are 
capable of producing, with the maximum gas load through the 
flue, a superheating effect which is about 20 per cent greater than 
with the double-loop design of unit. Unfortunately, however, 
this type of unit is sufficiently more complex in its structure and 
sufficiently heavier than the double-loop unit as to make it rela- 
tively impractical for the highest boiler pressures which are now 
used on steam locomotives. It is, nevertheless, interesting to 
mention briefly that the substantially increased heat transfer to 
the superheater heating surface of the unit mentioned was only 
partially obtained at the expense of the evaporating capacity of 
the flue. In other words, in spite of an increased heat transfer to 
the superheater heating surface, the total heat absorption of the 
flue-unit combination could be improved; the draft loss was no 
greater than it had been through the flue with the double-loop 
unit. This rather gratifying result was obtained by utilizing 
counterflow between the steam and the gases to a greater extent 
than is possible with the double-loop-unit construction, and also 
by special means designed to prevent the temperature of the gases 
in contact with the superheater heating surface from dropping as 
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much as the temperature of the gases in touch with the water- 
cooled surface of the flue. 

With respect to the draft loss through the barrel of the boiler, 
it should be remembered that it is only a part of the total draft 
loss through the furnace and boiler as a whole. Thus it must be 
decided from case to case how much justification there is to de- 
crease the hydraulic depth of the boiler barrel as a whole without 
running the risk of overloading the draft-making front-end 
arrangement, and thereby unduly increasing the back pressure 
of the locomotive. Due to the interaction of the superheater 
proportions with those of the front end, of the boiler barrel, and 
of the furnace arrangement—not to speak of differences in fuel— 
it is impossible to expect that a given standard of superheater de- 
sign perform in exactly the same manner in locomotives with a 
wide variety of boiler proportions and operating conditions. 
Yet, in the interests of maintenance, it is imperative that certain 
standards of superheater design be adhered to, and it is this 
phase of the author’s subject which the writer particularly wished 
to bring out. 


N. A. Powna.t.** There is no doubt but that present formulas 
are inadequate for determining the probable maximum power 
of amodern locomotive. This is particularly true since the advent 
of such capacity- and efficiency-increasing appliances as the 
superheater, feedwater heater, siphon, etc., as well as the effects of 
variations in exhaust-tip size, stack diameter, front-end appli- 
ances, air openings through grates, and various features of boiler 
design mentioned in the paper. It will be of considerable value if 
a formula can be developed which will make it possible with fair 
accuracy to predict the power of a certain design of boiler. It is 
to be hoped that, by means of the increasingly used standing- 
test method, such a formula may ultimately be developed, at the 


same time establishing the best method of boiler design as regards 
furnace volume, lower gas velocity, greater steam space, etc., as 


discussed by the author. Research work of this nature will be 
necessary, for there are certain changes, which are even now be- 
ing made, that thus far have produced unpredictable effects. 
For example, opening up the exhaust tip is desirable from the 
standpoint of reducing energy wasted in back pressure and yet, 
if this is carried too far, though the engine may still steam well, 
temperatures may have been lowered so as to affect adversely the 
superheat, with a resulting negative economy. Any drop in 
temperature of the superheated steam is attended by a positive 
rise in fuel consumption. 

The steam space above the water level is certainly important. 
Treated water is now considered a necessity for locomotive 
boilers, and any antiscale treatment will necessarily increase the 
foaming tendency of the water, resulting in a greater volume of 
water bubbles in the steam space, which, because of space limita- 
tion, is relatively small for the tremendous steam-producing rate 
of a modern locomotive. Careful study of the boiler design, in 
order to increase steam-liberating surface and, by gaining a little 
here and a little there, to increase steam space above normal water 
level, will be of considerable value in reducing water carry-over. 
It is noted that experiments are now under way with a trough 
or box directly under the dome which increases the steam space 
at the main-throttle location and offers promise of some relief. 

It is astounding to learn that the velocity of gases through the 
back of flues exceeds 200 mph, and over the arch 260 mph. 
Therefore, it is not difficult to realize why losses in unburned fuel 
and stack losses are so high, why stay-bolt heads are cut by cinders, 
and why there is excessive slagging of flue sheets when the boiler 
is worked at high rates. As a result, ample gas area is very im- 
portant, though here again space limitation interferes. Ad- 
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vantage must be taken of small gains here and there; such as, 
decreasing the space between the combustion chamber and the 
boiler shell. If water is kept fully treated, and the boiler sys- 
tematically blown out in service and given thorough washings, 
this decrease may be made with no bad results. 

The cost of boiler maintenance is stated to be 30 per cent of the 
total cost of locomotive repairs. This is too high. Years ago, 
the writer had occasion to keep records of the repair costs, 
divided between the boiler and items not pertaining to the boiler, 
and found the percentage of boiler repairs to vary from 9 per 
cent on the best treated water division to 38 per cent on the 
worst untreated water division. With proper water treatment 
(and it is prehistoric for any railroad to be without it), this per- 
centage should be kept below 15. 

As the author states, at the high combustion rates it is quite 
important to have maximum possible firebox heating surface and 
furnace volume, thus reducing the loss of sensible heat up the 
stack by reducing front-end temperatures; a 210 deg decrease in 
front-end temperature causes a 7 per cent fuel saving. However, 
this must not be carried to the point of causing reduction in the 
temperature of superheat. 

Few people realize the high horsepower obtained from this 
boiler plant on wheels, many 4-8-2 and 4-8-4 type locomotives 
being capable of developing from 4000 to 5000 hp. We must also 
pay a tribute to the feedwater heater which heats the water for 
this 5000 hp up to 210 or 220 F with apparatus of a size that can 
hardly be seen on the locomotive. Yet under the restricted con- 
ditions, we are still striving by intelligent and seemingly insig- 
nificant changes in design to develop this high power at even 
greater efficiency. 

Unfortunately trains have to run light, and the engine and 
boiler do not perform as well as under a heavier loading. The 
locomotive must be so designed as to operate reliably under all 
conditions occurring on the territory to which it is assigned. It 
is preferable and desirable to have a locomotive of general utility 
but, in view of the many factors entering into the economical 
development of maximum power, it may be advisable, where it 
can be done, to adapt design to specific operating conditions. 

Our experience bears out the author’s remarks concerning 
front-end design and draft. In this connection, it may be of 
interest to describe some changes that were made on 4-8-2 class 
freight locomotives. These engines have 27 X 32-in. cylinders, 
245 lb per sq in. boiler pressure, 70-in. drivers, 69,400 lb tractive 
power, total heating surface 4620 sq ft, grate area 84.2 sq ft, and are 
equipped with type “E” superheaters, firebox siphons, and feed- 
water heaters. According to Cole’s ratios, their normal expected 
horsepower was 3214. When received, they developed 3650 ihp, 
illustrating the inadequacy of this formula for ordinary modern 
design. ‘ 

The grates were a finger-bar type with 43 per cent air opening, 
master mechanic’s front end with 6'/,-in-diam round tip, and 
19-in-diam stack, and these were changed to 14.9 per cent air 
opening tuyére-type grates, a Kiesel front end with six-opening 
53-in. star-shaped tip, and a 25'/:-in-diam stack. Combustion 
was better, excess air was considerably reduced which entails 8 
fuel saving, back pressure was reduced, draft was noticeably 
improved by reason of less impedance to flow of gas in the front 
end, and the larger stack evidently contributed considerably to 
greater power. The locomotive developed consistently ove! 
4900 ihp, which confirms the author’s feeling that a new formula is 
needed to measure the power of modern locomotives and the 
effect of changes in the important parts of the boiler. 

We have built locomotives, making use (possibly inadvert- 
ently) of correct principles which have resulted in unexpectedly 
high power; yet now and then we overlook some unrecognized, 
important feature and are disappointed in the result. 
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Mr. Brandt’s paper is very comprehensive, should give de- 
signers plenty of food for thought, and the writer feels that in 
the foregoing he has added little, but has tried to confirm Mr. 
Brandt’s reasoning and conclusions, 


F. P. Rorescu.** The writer prefers to leave questions of loco- 
motive design and construction details to those better qualified, 
and confine his comments to accessories which are not considered 
as a part of the boiler proper but, nevertheless, have a material 
effect upon both boiler and locomotive performance. 

The Ashpan. During Federal Administration of railroads, 
a committee from Section 3, Mechanical, American Railway 
Association (A.R.A.), among other suggestions tending toward 
fuel economy, reported® as follows: 

“Many of the older engines are still equipped with ashpans 
having insufficient air openings, a defect readily detected with a 
U-tube draft gage. There should be no indication of vacuum in 
the ashpan. Correction of this condition recently permitted 
an increase of !/, in. in the nozzle diam of several locomotives 
and not only effected a substantial saving in fuel, but greatly 
increased the efficiency of the locomotives.” 

Prior to that time, tests indicated the desirability of free air 
openings into the ashpan, having a combined clear opening of 
not less than 14 per cent of the total grate area. This was based 
on the total air openings through the grates and its relation to 
total tube area. But apparently these recommendations, as 
well as those of the American Railway Association committee 
have either been forgotten or are disregarded for items of pre- 
sumably greater importance. 

Perhaps it may be well to check into the matter to decide the 
point. A definite amount of air is always required in the com- 
bustion of various kinds of coal, as pointed out by the author. 
Where the area of the supply ports for such air is restricted below 
requirements, the velocity of supply must be increased. To 
obtain this velocity we must increase the intensity of the draft. 
This is usually done by reducing the area of the exhaust-nozzle 
opening, thereby increasing the cylinder back pressure, so when 
the cycle is completed, we find that what should be free air has 
been obtained at the expense of cylinder horsepower. 

At this point the writer wishes to make it clear that we are 
not speaking of test-plant methods in this discussion, but of 
conditions and methods obtaining in general road service, where 
a reported engine failure through any cause is a serious matter 
and any course is often thought justified which will eliminate 
such reports. At any rate, an engine failure is something real 
that everybody hears about, while decreased locomotive ef- 
ficiency is only revealed by the indicator. 

However, decreased locomotive efficiency is not the only evil 
resulting from a restricted air supply. On the contrary, many 
others such as decreased combustion efficiency, increased stack 
- cinder cutting, etc., all follow in its wake, as will be shown 

ter, 

Locomotive Grates. During Federal control a Fuel Conservation 
Department was organized. One of its aims was to check and 
reduce waste. In connection with that job, it was noticed when 
the fire was laid preparatory to firing up a locomotive, that from 
300 to 2000 Ib of the smaller-sized coals fell through the openings 
in the grates into the pit over which the locomotive stood. As 
such coal was afterward covered with ashes falling through the 
‘Same grate openings, recovery of the unburned coal presented 


sme difficulty and, therefore, was seldom salvaged. To over- 
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come this waste, it was recommended that the grates be covered 
with perforated sheets of heavy paper before the coal was intro- 
duced. This fuel loss received wide publicity. Therefore, when 
the railroads were returned to corporate operation, many of them 
applied the logical remedy, where conditions warranted, namely, 
better-fitted grates with smaller openings. 

But little is known of the physicomechanical reactions or be- 
havior of the fuel bed in a locomotive firebox at relatively high 
rates of combustion. So little in fact, that many of our theories 
as to what takes place are based on such an insecure foundation 
that conclusions reached are questionable. The chemical reac- 
tions are known and serve as a guide toward improving the com- 
bustion of such coal as is actually burned, but this is not what we 
are concerned about at present. What we need is more definite 
information covering stack loss, draft currents, both as to direc- 
tion and velocity, between the fuel bed and the underside of the 
arch, etc., conditions which can only be observed through small 
openings cut through the sides, or larger openings in the back- 
head, covered with some transparent substance. We recom- 
mend the latter, as the range of vision through the sides is too 
limited, although their addition to backhead windows will be 
helpful. 

It has been the writer’s privilege to observe some of the physico- 
mechanical behavior of the fuel bed through side holes during 
tests on a test plant, and later through a large covered opening 
through the backhead. In the latter case, however, the loco- 
motive was equipped with forced draft. Nevertheless, the be- 
havior of the fire in both instances was quite similar, at least 
enough so to enable us to set up certain theories, which later 
practice proved to be sound. 

These observations indicated that, while the gases moved in 
the direction as generally pictured, viz., from front to rear, their 
velocity above the surface of the fire bed was relatively low until 
they reached a zone immediately under the rear end of the arch. 
Here the movement of the particles of coal entrained in the gas 
currents indicated a point of excessive turbulence and high up- 
ward velocity, Fig. 3 of the paper. 

This was quite interesting, but the most interesting phe- 
nomenon was the behavior of the small lumps of coal lifted above 
the fire bed by the action of the air jets passing upward through 
the fire. It was particularly noticeable that in many instances 
one lump of coal was projected high and far enough to enter the 
zone of high turbulence, where it disappeared, while another 
lump of apparently the same size and rising from the fuel bed 
within 6 or 8 in. from the first one, was only lifted about 1 ft or so 
and then fell back and was burned. As both were presumably 
subject ‘to the same pressure or velocity influence, the question 
excited much interest. Further observations indicated that the 
same phenomenon occurred at other points. In fact, the fuel 
bed had the appearance of a group of miniature volcanoes spout- 
ing fire and ashes, some far up and others only high enough to 
overflow the rim. 

After the fires were dumped, the reason for all this became 
clear, viz., difference in size of air openings through the grates. 
On this observation was based the theory that the lifting action 
of air jets passing upward through the fire bed was in proportion 
to the squares of their areas. This theory has been proved and 
the foregoing observations are largely responsible for the present 
general use of what are called restricted grates. In these it is 
not so much a question of the ratio of air openings to total grate 
area, as a question of the size of the openings, their spacinz, and 
the fit of the bars against each other and against the side and 
center carrier bars. We do feel, however, that the total air open- 
ings need not be much in excess of the total tube area. Or to put 
it another way, knowing how much air is required to burn 1 lb of 
coal, air openings can be proportioned accordingly, thus mechani- 


4 

ye 

ts, 

per 

the 

his 
= 
ven 
ica 
of 
ert, 
ted 

i 

ihp, 

tern 

| 
and 

y to 

oe 

rt 

ined, 


412 


cally restricting the supply needed, instead of leaving the matter 
to the judgment, or lack of judgment, on the part of the fireman. 

Needless to say, the general adoption of restricted grates was 
hailed by locomotive-stoker manufacturers, as it fully supported 
their contention that stack loss was not a question of coal size 
as fired, but rather one of air openings through grates and draft 
influence. Furthermore, stack loss far antedated mechanical 
stokers and, according to a University of Illinois bulletin,** lump 
coal breaks down during the process of combustion (naturally) 
and thus accounts for the excess in cinders collected above the 
amount of fines in the coal as fired. As a matter of fact, a higher 
heat release is obtained from small-sized coal as fired, other con- 
ditions being right, than from lump coal which must be broken 
down during its combustion. * 

Draft Streams. In a preceding paragraph, the statement was 
made that the velocity of the gas streams, moving from the 
forward part of the firebox to the rear, was relatively slow. In 
support of this statement, we offer the fact that while the loco- 
motive is in operation it requires a greater distributor-jet pres- 
sure to blow a lump of coal from the front of the firebox and pre- 
sumably with the draft, than it does to blow an equal lump from 
the rear to the front, and again presumably against the draft. 
This fact came to light only recently with the introduction of the 
so-called front-delivery stoker as developed by the Baltimore & 
Ohio Railroad. However, an approach to the problem with an 
open mind and no fixed convictions as to what really happens in 
a locomotive firebox when coal is being burned at relatively high 
rates, enables one to arrive at a logical solution, namely, the 
momentum imparted to any mass, in this instance a lump of coal, 
is proportionate to the velocity or force of the steam jet impinging 
against it. This should hold true regardless of whether the mass 
is projected from the rear to the front or from the front to the 
rear of the firebox. The velocity of the jet is as the pressure. 
Therefore, it follows, if higher jet pressures are required to blow 
the coal rearwardly and presumably with the draft stream, it 
must be subject to other resistance than that of gravity. 

This we find the author has clearly indicated in Fig. 3 and 
subsequent analysis. Reasoning along these indicated lines, we 
draw the conclusion that the initial momentum is gradually 
reduced and, when the mass reaches the zone of greatest turbu- 
lence and high velocity, it no longer has sufficient momentum to 
carry it through that zone unless the initial velocity is increased 
through higher jet pressures. On the other hand, where the coal 
is introduced at the rear of the firebox and blown forward, the 
introduction takes place within the high-velocity zone, there- 
fore the mass even at a lower initial velocity still has sufficient 
momentum to carry it through this zone and deliver it to the 
forward part of the fire bed. 

This theory if accepted, raises another interesting problem. 
Tests on the Baltimore & Ohio Railroad have definitely shown the 
advantage of the front-delivery stoker; for instance, a 50 per 
cent decrease in stack loss, 15.9 per cent reduction in fuel per 1000 
gross-ton-miles, and 15.5 per cent increased evaporation per 
Ib of coal, together with the practical elimination of smoke. 
There is no question as to the correctness of the published data, 
as the reason for this improved performance is self-evident. 
However, as the comparisons were made between the front- 
delivery stoker, which delivers the coal at a point about 14 in. 
above the normal grate level, and one effecting delivery at a much 
higher level, there is the possibility that the same performance 
differences may not obtain where the coal is introduced with a 


36 ‘Comparative Tests of Six Sizes of Illinois Coal in a Mikado 
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rear-delivery stoker, firing from a level corresponding to that of 
the front-delivery stoker, for the following reasons: 

The statement has been made that the lifting action of the air 
jets passing upward through the fire bed was as the square of 
their areas, the velocity remaining the same. In the following, 
it must be understood that the figures are not at all accurate 
since, owing to the resistance and varying thicknesses of the fuel 
bed, accuracy is out of the question, but the comparisons can 
nevertheless be accepted as valid. 

Assuming the author’s data as given in Fig. 3 to be based ona 
grate having an area of 100 sq ft, we find from established tests 
that an approximate draft equal to 2'/; in. of water is required to 
burn coal at the rate of 90 lb per sq ft of grate per hr,® and this, 
neglecting fuel-bed resistance, results in a velocity efflux of 
103.30 ft per sec.* In contrast, at the higher rates, viz., 236 |b 
per sq ft of grate, we must have a draft equal to 4 in.,*” witha 
corresponding velocity of approximately 130.43 ft per sec,® 
However, in the first instance, due to the expansion of gases, the 
velocity is increased to 198 ft, and in the second to 386 ft where 
the gas stream passes over the arch. Therefore, where the fuel is 
introduced at the lower levels, a lesser amount is caught up by 
the higher-velocity streams. 

Since the velocity of the gas stream, where it passes over the 
arch, is proportionate to the volume to be moved and the area of 
the opening between the top of the arch and the crown sheet, it 
would appear that any increase in this area would decrease cor- 
respondingly the velocity at that point. This brings us to a 
consideration of the setting of the arch. 

The Brick Arch. The value of the brick arch is well known and 
requires no further discussion. Recommended practice™ sug- 
gests a gas area over the arch equal to from 110 to 120 per cent of 
the minimum net tube and flue area. This is to increase the 
length of flame travel and reduce the stack loss. However, 
according to the author, this results in a gas velocity at that 
point of 198 ft per sec at low rates, and 386 ft at high rates of com- 
bustion, while the corresponding velocity through the tubes and 
flues is 157 and 300 ft per sec, respectively. 

The writer believes in a long arch but, as has been shown, the 
entrainment of the smaller particles of coal is influenced by the 
velocity of the gas streams. Theoretically, any reduction in 
such velocity should in turn affect entrainment and, while 
theory does not always check with practice, it does appear 
reasonable to assume that some modification in arch application 
which would tend to equalize gas velocities might be worth ow 
consideration. As a suggestion based on tests conducted by the 
writer, we propose, beginning at the rear, longitudinal rectanguls' 
openings between the arch and both side sheets about 4 in 
wide and 36 in. long, leaving the center of the arch to the recon 
mended length. With such an arrangement much of the fine 
entrained in the gas streams would come directly in contact wit! 
the water-cooled firebox sheets, cooling such particles and pr 
venting their adherence to the tube sheet in the form of honey 
comb. 

We feel this discussion would not be complete without further 
reference to the mechanical locomotive stoker, as it is only 
through mechanical firing that the full rating of modern loce 
motive boilers can be obtained. This being the case, would ! 
not be well when designing such boilers, to give consideration ° 
stoker requirements as to ready and appropriate application 
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We refer particularly to the type and design as developed by the 
Baltimore & Ohio Railroad, a type which may tend to revolu- 
tionize mechanical firing. This design and its prototype which, 
however, fires from the rear are the only mechanical stokers 
satisfying the requirements as to secondary air as discussed by 
the author under “secondary air for combustion.” 

No doubt this has escaped general notice, but an examination 
of either type will reveal this fact. While the method used is 
more in the nature of a heat exchanger, yet it does supply pre- 
heated “‘top air” and always in direct proportion to combustion 
requirements. Gas analyses verify this statement. The appara- 
tus simply consists of a vertical grate surrounding that part of 
the stoker-delivery member extending upward through the 
locomotive grates. 

These vertical grates, termed “protecting grates,” extend 
above the fuel bed and absorb heat from it. This heat is in turn 
absorbed by the free air contacting the inner surfaces, and is in 
turn drawn into the firebox and over the fuel bed by the draft 
through 1/:-in. holes drilled radially and spaced so as to give 
perfect diffusion. The number of drilled holes is always pro- 
portional to the total grate area and to the volume of air sup- 
plied through the fuel bed, thereby maintaining a fairly even 
balance. There can be no question but that this supplementary 
air so admitted contributes materially to the splendid results 
obtained on the Baltimore & Ohio as reflected in the boiler and 
fuel performance. 

We have so little factual knowledge of what actually transpires 
in a locomotive firebox at moderate or high rates of combustion, 
that, in view of the importance of the subject, it would appear 
that almost any expenditure for tests would be warranted. Such 
tests, however, should be made on a plant where road conditions 
could be simulated. While tests** conducted by the University 
of Illinois indicated no material difference as between constant- 
flow and pulsating draft, many engineers feel that these are in- 
conclusive, hence the suggestion to simulate road conditions. 
So unless tests are made, and such tests duplicate as far as possible 
actual road conditions, we will still find ourselves where we 
started. 

To show to what extent the modern locomotive boiler depends 
upon the mechanical stoker, we might refer to the large simple 
“Mallets’”’ built for the Northern Pacific some few years ago. These 
locomotives burn a subbituminous coal and therefore require a 
relatively large grate. The proportions as to grate area desired 
and steam output of the boiler were worked out by the engineer- 
ing department of the Northern Pacific in collaboration with the 
locomotive builder. The latter, however, would not agree to con- 
form to the dimensions requested (referring to grate area) until 
the stoker company agreed to build a stoker with sufficient 
capacity to meet maximum requirements, and would guarantee 
to distribute the amount of coal fired evenly over the grate. 
The maximum requirements were estimated at 45,000 lb of coal 
per hr. While this rate has never been required, nevertheless 
there are times when a rate of 30,000 lb of coal per hr is actually 
reached. The firebox first laid down was 20 ft long and 9'/; ft 
wide, or a grate of 190 sq ft. This was later reduced to about 

184 sq ft. Needless to say, the requirements were met by the 
stoker company, otherwise the locomotives would never have been 
ilt. 


L. A. Suipman.” In comparing steam-boiler performance on 
an efficiency basis, we have two vital factors to consider (1) 
water and (2) coal. 

In the case of locomotive M1A tested by the Pennsylvania 
Railroad, referred to in the paper, wherein burning rates of 345 
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Ib of coal per sq ft of grate area per hr were obtained, one of the 
main fuel problems, as indicated by the 50 per cent stack waste, 
was keeping the fuel on the grate until it was burned. This 
problem can be solved at least partially by fuel selection and 
sizing. 

In connection with the matter of water circulation and foam- 
ing, the importance of the water conditions as they affect the 
efficiencies of the different tests should receive special attention. 

While it has been mentioned that forced circulation of water 
was used in the Steamotive tests, the fact that practically dis- 
tilled water was used in both Steamotive tests and in the Navy 
test, as against the regular water-tank water as used in the New 
York Central and Pennsylvania Railroad tests, was not mentioned. 
While this fact certainly affects the efficiencies of the test, it also 
singles out those who have developed the equipment and its 
methods of operation so that distilled water is economically 
possible for special distinction. 

Because of the fact that there was a difference in the water, in 
the water circulation, natural against forced, and in the fact 
that there was a difference in the percentages of the total fuel 
consumed because of the high stack loss of the conventional 
locomotive at high burning rates, the performances are not on 
an equivalent basis for comparison although the facts presented 
definitely point out the tremendous improvements possible in 
fuel economies for which those contributing to the new designs 
should be highly complimented. 


L. K. Stticox.*! The locomotive boiler and its operation can 
scarcely be discussed without referring to the fact that only a 
limited number of test data are available. The author is fortu- 
nate in having access to new information which heretofore has 
not been reported. Nevertheless he still is compelled to call 
attention to the need for vastly more information which can 
only be derived through further boiler research. 

No entirely satisfactory method of defining locomotive capacity 
has yet been derived which will establish its capacity as limited 
by the features of furnace, boiler, engines, and rail, acting in- 
dividually. Boiler calculations are the least exact of all the ele- 
ments involved, although the investigations of Cole, Fry, Strahl, 
and others have all contributed in important measure to our total 
knowledge of the subject. 

The author presents a table which shows the failure of Strahl 
and Cole to estimate the actual evaporative capacity of three 
locomotive types. In the case of the Pennsylvania Railroad 
class M1A, Strahl estimates capacity at 54 per cent of test 
values, Cole at 68 per cent. Perhaps, in justice to Strahl and 
Cole, it should be pointed out that, when evaporating 99,095 Ib 
of water per hr, the locomotive was fired at the rate of 337 lb 
of coal per hr per sq ft of grate. No such overload is contemplated 
in the application of the formulas. At this high coal rate, an 
efficiency of boiler and furnace of but 37.5 per cent was obtained. 
Yet the absorption efficiency of the boiler was over 80 per cent. 
This is illustrative of the mass of operating details which must be 
explained in every case if test conclusions are to bear all their 
possible significance. 

It has been remarked that, even with the stated excessive and 
uneconomical firing rate, absorption efficiency did not suffer 
greatly. This would indicate that high gas velocities may not 
always be objectionable, in so far as boiler performance is con- 
cerned. In fact, whereas a gas velocity of 204 mph in the tubes 
is quoted as very high, velocities of 445 mph are sought in the 
Velox steam generator, and blowers are introduced to attain this 
end. There is a vast difference in function and design, of course, 
but the Velox generator, one of which is now installed in a loco- 
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motive of the Paris, Lyons and Mediterranée Railway in 
France, occupies much less space and represents much less weight 
than a conventional locomotive boiler of the same capacity. 
While we are continuing improvements in the conventional 
firetube locomotive boiler, which no doubt will remain the 
standard type for general service for many years to come, we 
cannot afford to confine our attention to this construction to the 
extent that we are blind to possibilities originating in other 
fields. Concentration of more boiler capacity within less space 
and providing this with considerably reduced weight, offers 
attractive possibilities for investigation by locomotive builders, 
with available fuel types ever in mind. 

It is the limitations imposed by compliance with familiar and 
proved proportioning of locomotive parts and strict adherence to 
conventional practices that renders difficult the fitting of re- 
quired power into the loading restrictions and clearance limits 
of American railways and calls for a firing rate such as that pro- 
prosed by the A.A.R. committee appointed to investigate the 
requirements in a locomotive capable of hauling 1000-ton trains 
at 100 mph, namely, 152 lb of coal per sq ft of grate per hr under 
normal conditions. Combustion efficiency would be higher if the 
unit firing rate were lower, yet weight limitations govern the 
permissible size of grate which may be practicably employed; 
approximately 128 sq ft in this case. 

The coal-fired steam-locomotive boiler has advanced rapidly 
and far. It compares phenomenally with central-station boilers 
in capacity per unit of weight. Present railway-operating prac- 
tices have taxed its capacity in all practicable sizes yet the de- 
mands are unchecked. Perhaps we must search out new ap- 
proaches to an old problem, replacing well-thumbed pages of past 
operating manuals and removing the inherent difficulties which 
have retarded progress in the use of such promising expedients as 
pulverized coal and the water-tube boiler. 


L. W. Watuace.*? At the outset of this paper, a statement is 
made to the effect that the public is continually demanding 
higher speeds for both freight and passenger trains. It may be 
that such an apparent demand is being taken too literally. Is it 
higher speed, in terms of miles per hour, that the public wants or 
is it a reduction in the total elapsed time required to travel be- 
tween two points? There is a real and significant difference be- 
tween speed in miles per hour and total elapsed time. The total 
elapsed time experienced on many runs may be reduced materially 
without increasing significantly the sustained speed in miles per 
hour for any major portion of the run. This may be done by 
reducing the waiting time at stations and elsewhere through more 
expeditious servicing and handling of trains. It is the waiting 
period at terminals and elsewhere which causes the largest 
amount of restlessness and complaint on the part of the traveling 
public. It would appear that this phase of train operations has 
not been given the analytical attention which its importance 
warrants. 

The difference between high speeds in miles per hour and a 
reduction in total elapsed time between two points, realized 
through more expeditious train servicing and handling, may 
make a major difference in locomotive design, its first cost, and 
the cost of maintenance and operation. What this may mean is 
reflected by the comparison of the 2-8-0 and 6-8-6 locomotive 
types. This comparison discloses that the weight of the loco- 
motive had to be doubled in order to obtain sufficient boiler ca- 
pacity. All of which raises the question, ‘‘What price is paid for 
high speeds in miles per hour as contrasted with the price which 
may be paid for a reduction in total elapsed time?” 

The comparison of the locomotives referred to adds emphasis to 
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this significant statement made by the author, “. .. the important 
question is whether greater boiler efficiency is attainable, par- 
ticularly at high-capacity operation, and what can be done to 
accomplish this.” 

The following pertinent comment also appears in the paper: 
“The subject matter will be centered on problems affecting the 
design of the conventional locomotive fire-tube boiler only, 
not because of any belief that this type of boiler is the final answer 
to the locomotive steam generator... .” 

The writer was delighted that the author disavowed any belief 
that the typical locomotive boiler is the final answer. In my 
judgment it is not. It may well be that if a broadly conceived 
and executed line of creative research were undertaken, the final 
result would be some form of boiler closely akin to the flash type. 
It seems evident that something different from the present typical 
locomotive boiler must come, as it is not sound economics to 
double the weight of a locomotive in order to obtain adequate 
steam capacity. 

Again to quote: “However, much remains to be done to make 
possible the burning of more fuel per hour at higher combustion 
efficiency with lower draft loss, greater heat-absorption efficiency, 
and higher superheat with less boiler weight per pound of steam 
produced.” This is a farseeing, correct, and timely statement of 
the problem confronting the railroad industry. It is fairly obvious 
that one approach to relieving the present situation is to supply 
the steam required for auxiliaries, train heating, air conditioning, 
and for other purposes through a steam-generating unit other 
than the locomotive boiler. However, this alone will not give the 
final answer. 

The author states: ‘The method of standing blowdown tests 
developed and used by the New York Central Railroad in recent 
years has proved very effective.’ This is undoubtedly true. 
Moreover, it is the writer’s thought that considerable valuable 
work in certain directions can be accomplished by the use of 
scale models. This means the application of the law of similitude 
which has been so successfully used in connection with research 
programs covering a wide range of difficult technical problems. 
There is no apparent reason why the method cannot be applied 
successfully to the solution of many railroad problems. The 
method has the advantage of affording a more definite control of 
test conditions than for full-scale operations and, furthermore, 4 
material reduction in cost of experimental work may be realized. 

The locomotive boiler presents a difficult problem. A com- 
prehensive approach to its solution has been too long delayed. 
The solution lies in the direction of broadly conceived lines of 
research coupled with a daring and courageous attitude. 


AvTHOR’s CLOSURE 


It is an honor for the author to have the privilege of replying 
to the many valuable ‘contributions made to his paper, “The 
Locomotive Boiler.” 

The interest that this subject has aroused among those re- 
sponsible for the design and operation of steam locomotives testi- 
fies to the importance of further improvements to the coal-burning 
steam locomotive. 

Since the preparation of this paper the European war has 
started, reminding us that the development of the steam loco- 
motive must not be neglected, and it is pertinent that this sub- 
ject be again emphasized. 

It is often heard today that the railroads, and particularly 
the coal-burning steam locomotive, are out of date, and will be 
replaced by airplanes and oil-driven power units on railroads and 
highways. 

Such opinion, if shared by responsible men in government and 
business, may have a paralyzing effect upon efforts to improve 
the steam locomotive. Those who are able to see beyond the 
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present phase in the development of transportation, and are 
devoting efforts and thought to the perfection of the coal-burning 
steam locomotive should be encouraged in their efforts. 

The struggle now raging in Europe is being fought on land, air, 
and water with engines of war driven by gasoline and oil power, 
and one of the major problems of this war is the control of ade- 
quate supply of petroleum. 

That the world’s supply of oil is definitely limited is believed 
to be true by many eminent authorities. A late estimate of the 
available oil supply in continental United States, prepared by 
the Committee on Petroleum Reserve, of the American Pe- 
troleum Institute, gives the total available supply as 17,348, 146,000 
barrels in 1939. The annual production in 1938 was 1,213, 186,000 
barrels per year which would indicate that our petroleum supply 
in the United States may approach exhaustion in fourteen years. 

That this definitely limited supply of petroleum, absolutely 
necessary for operation of naval vessels, airplanes, tanks, and 
trucks, will have to be conserved for our national defense in the 
future appears reasonable. 

The use of oil for the production of power, in places where coal, 
abundantly available, can be utilized to good advantage, appears 
unwise from the viewpoint of future national welfare. 

The coal-burning steam locomotive has hauled the bulk of the 
country’s traffic in the past. Its gradual replacement now tak- 
ing place, at a rapidly accelerating pace, with oil-using Diesel 
locomotives and gasoline power units on highways and in the 
air, may find this country only a few years hence in a position of 
having a transportation machine that has cost billions of dollars, 
but without suitable, or too costly fuel to drive it. 

A review of the many discussions reveals a general agreement 
with the author’s thesis, that there is room for improvement and 
necessity for coordination and clarification of principles with 
further research and tests. 

The opportunity to present a paper on the same occasion as Mr. 
Bailey is an honor that is very much appreciated by the author. 
Mr. Bailey’s paper on steam-boiler performance'® is of great 
fundamental value, and the discussion that he presented on the 
subject of locomotive boilers is an expression of his theory on 
“methods of comparison of boiler performance.”’ His discussion, 
read in conjunction with his own paper just referred to, is so very 
complete that there is little that can be added for further clarifica- 
tion. 

The author in his paper referred to a new type of locomotive 
boiler soon to be tried out. The boiler referred to is that illus- 
trated and analyzed by Mr. Bailey in his discussion. The re- 
sults obtained with this boiler, as to efficiency, capacity, and 
weight, may point the way to further developments on coal- 
burning steam locomotives. 

The author regrets his inability to supply more detailed in- 
formation on the oil-fired tests of the Southern Pacific, as re- 
quested, as these data are not obtainable. 

Mr. Bailey suggests that the author supply additional data on 
the subject of draft loss through various portions of locomotive 
boilers under different ratings so that the relationship between 
output and efficiency versus draft loss could be analyzed. It is 

regretted that sufficient data are not available at the present time 
to furnish this information. 

Mr. Duncan’s discussion reveals his interest and insight into 
the problems under consideration, and deserves a more detailed 
answer than space will permit at this time. He suggests that if 
an underfeed or traveling stoker could be adapted to locomotive 
*rvice a great improvement would result in furnace efficiency. 
It may be moted here that several designs of both of these types 
of stokers have been made. 

The Crawford underfeed mechanical stoker was built and tested 
out quite extensively on the Pennsylvania Railroad in 1913 and 
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1914, and many engines were so equipped. It is believed that 
there are no underfeed stokers on locomotives now in service. 
The author has no knowledge of any traveling-grate stokers 
actually tested, although at least one design was made. 

During some thirty years of experiments with different types 
of stokers the sprinkler type, due to its simplicity and reliability, 
is the only one that has survived the test of service. 

The reason that underfeed and traveling-grate stokers have 
not been perfected and adapted for locomotive service is due to 
the fact that they require more room, and weigh more than the 
existing locomotive limitations permit. 

Mr. Eksergian’s discussion has amplified and supported the 
author in several important observations made and it would be 
superfluous to add anything further to the points touched upon 
by him, except to express appreciation for his carefully thought 
out comments. 

Any contribution made by Mr. Jones, engineer of test and chief 
of the locomotive test plant, Pennsylvania Railroad, where most 
of the tests quoted by the author were made, is of real interest to 
all. He is eminently qualified to discuss this subject, and his 
reference to the M1A locomotive with enlarged steam space, 
emphasizing the improvement possible even with a small change 
in design, is valued highly. 

While on this subject it should be noted that most of the test- 
plant tests are run with particular attention to keeping the water 
level below a full glass, or three gages of water, and also without 
foaming condition of the water. In road service it is known that 
many times the water level is carried above the highest gage cock 
and badly foaming water is encountered. 

In some cases, on large and long boilers, it has been found that 
the distance from the water level to the top of the boiler barrel 
at the dome is as small as ten inches with the water level at the 
top gage cock. When ascending a heavy grade, say 2 per cent, 
with engine working at maximum capacity, the water level is 
usually carried to a full glass of water. When engine is tipping 
over the grade the water level near the dome will rise as much as 
8 in., thus reducing the steam space to nearly zero. 

This condition indicates the importance of the use of steam 
separators in the dome. 

The carefully conducted tests of locomotive performance that 
are frequently being made by Mr. Knight on his railroad are an 
example of the alertness with which present-day railroad manage- 
ment explores every avenue to improve railway efficiency. His 
comments based on actual experiences are, therefore, of much 
interest. 

The information pertaining to fuel tests with different grades 
of coal, furnished by Mr. Knight and quoted elsewhere in this 
summary, is very valuable. His reference to tests made with 
different percentages of air openings through the grates is most 
interesting, particularly the trial with grates having 60 per cent 
free air opening. Further information on these tests will be of 
interest. 

Mr. Lipetz’ contribution is of particular value because of his 
thorough knowledge of the fundamentals involved. He calls 
attention to the possibilities obtainable from the proper study of 
the curves of the test data presented in conjunction with the 
boiler ratios given in the table. 

The data shown represent the results of all the pertinent and 
complete tests made. Many road tests have been analyzed by 
the author, but most of them usually lack sufficient test data to 
permit an accurate analysis of the performance of the locomotive 
under different conditions of load and speed. 

Some road tests analyzed have accurate data on the cylinder 
performance, drawbar pull, and horsepower, but lack data on the 
fuel and water consumption or general boiler performance. Other 
tests have been made with accurate data on coal and water con- 
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sumption, but without dynamometer or indicator cards to meas- 
ure the work performed. 

The reason for the many incomplete tests run in the past is 
due to the desire to get a quick picture of the general performance 
rather than a critical analysis of design; also, the question of the 
cost of tests is important, particularly when one railroad must 
bear such cost alone. 

The advantage of coordinated research is appreciated by all 
concerned, and perhaps some day this may be brought about. 

Mr. McBride suggests that a prompt collection and analysisof all 
available data are urgently needed in connection with the prob- 
lem of proportioning locomotives. The author agrees with this 
and it was the primary purpose of his paper to make available all 
the pertinent and accurate test data available just for such 
analysis and study. 

However, the author disagrees with Mr. McBride as to the 
accuracy of methods suggested by him as they use arbitrarily 
determined coefficients which apply to empirical formulas, the 
fundamental sufficiency of which is in question. 

We need not be concerned here with a rule-of-thumb method 
for determining the approximate maximum evaporation of a boiler 
for the purpose of setting the size of the stoker, injector, ete., but 
rather a critical analysis of the effect that definite changes in 
the proportions of various component parts of the boiler have 
upon boiler efficiency, capacity, first cost, and cost of mainte- 


nance. 

When this is determined, accurate formulas for calculating the 
capacity and efficiency of the boiler will follow. 

The several questions raised by Mr. Meister, regarding the 
influence of superheater design upon locomotive economy, are 
important, and the author will endeavor to answer them. 

The first question pertains to the practical limit of steam 


temperatures on present type of reciprocating steam locomotive; 
also, its effect on economy and maintenance. 

Modern locomotives in the United States, Canada, and Europe 
operate with steam temperatures of 750 F, and on many locomo- 
tives total steam temperature of 800 F, at maximum rate, is not 
uncommon. With 250 lb boiler pressure this total temperature 
is equal to a superheat of 350 to 400 deg. 

This steam temperature will give a metal temperature of the 
superheater units of from 875 to 900 F, and units made of open- 
hearth, low-carbon steel have proved satisfactory for these 
temperatures. Heat-resisting low-alloy steels are also available 
to give additional life if desired. 

The foregoing statement is predicated on the basis that the 
units are kept clean from scale on the inside, as it is well known 
that even a thin layer of scale will decrease the heat transfer from 
metal to steam and raise the metal temperature. 

As far as other parts of the locomotive in contact with super- 
heated steam are concerned the problem of high steam tem- 
peratures has been successfully solved by the use of cast steel for 
the superheater header, throttle, steam pipes, and cylinders. 
The single-seated multiple-disk valve throttle has proved success- 
ful for this service. The lubrication problem has also been satis- 
factorily solved by the use of the modern high-temperature lubri- 
cating oils and forced-feed lubricators. 

The question of economy gained by the use of high superheat is 
answered on page 391 of the author’s paper. A reduction of as 
much as 46 per cent in steam consumption was gained with super- 
heat up to 225 F as compared with saturated-steam operation. 

It has been definitely shown on many tests that for each 10 F in- 
crease in superheat there would be a reduction in steam consump- 
tion of not less than 1 per cent up to the limit of the present 
practice of 800 F total temperature. This is due to the raising of 
the total heat content of the steam at admission, and increas- 
ing the total heat drop, or the Rankine-cycle efficiency. 
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The second question raised is a rather broad one and is perhaps 
best answered by the replies to the other more detailed questions 
in Mr. Meister’s discussion. 

The third question, inquiring as to what combination of 
pressures and superheat will give the best ultimate economy, can 
best be answered by stating that from a thermal! standpoint the 
higher the pressure and superheat become, the greater will be the 
Rankine-cycle efficiency of the prime mover. From a practical 
standpoint it appears that 300 lb gage is the highest to which the 
conventional stayed locomotive boiler should be built considering 
material and practice of today. An increase above this pressure 
would not be of any advantage from an economy standpoint 
when used in a single-expansion reciprocating noncondensing 
engine with dimensions of present-day locomotives equipped 
with piston valves and Walschaerts or similar type of valve gears. 
With water-tube boilers of types now on the horizon it appears 
entirely practical to raise the boiler pressure considerably above 
300 lb per sq in. and maintain up to 800 F steam temperature. 

With the advent of a practical cylinder design having poppet 
valves and cam-operated valve gear, like the Franklin gear, re- 
ferred to by Mr. Jones in his remarks at this meeting, it appears 
that a reciprocating engine has arrived that is not only well 
suited for handling high pressure and superheat from a practical 
point of view, but also capable of utilizing the increased amount of 
energy supplied with each pound of steam with greater efficiency. 

The superheater on the 4-4-4-4 type locomotive, referred to in 
question 4 of Mr. Meister’s discussion, is a large-flue superheater 
with the same size of superheater flue and arrangement as the 
type “A.” The only difference is that each unit consists of two 
single loops joined to one set of header connections instead of one 
double-loop unit as with the type ‘‘A.” 

The heating surface of the flue, and superheater, and gas area in 
each flue, is the same as the type “‘A,’’ but the steam area through 
each unit is twice as large. This results in a reduction of the steam 
velocity in the unit to one half of that of the double loop for any 
given rating. The pressure drop through the superheater is re- 
duced thereby, but because the lower steam velocity reduces the 
rate of heat transfer the superheat will also be less. 

In the early days of the development of the locomotive fire-tube 
superheater in the United States, some thirty years ago, a number 
of locomotives were equipped with single-loop superheaters 
having two single loops of 1'/2 in. pipe in 5"/2 in. flue. 

In view of the desire to keep pressure drop down to a minimum 
interest in single-loop superheaters has been renewed. 

The problem to be solved with the single-loop superheater is 
the relatively greater differential expansion of the pipes—this is 
receiving careful study. 

On the basis of an increase of 350 deg in the steam temperature 
from the inlet side of the superheater unit to the outlet side there 
would be a difference in the average temperature of the metal in 
the pipes of each unit loop of 175 F. 

As the two ends of each unit loop are fixed the large difference 
in the expansion of the unit pipes sets up a heavy strain on the 
unit joints that may cause them to leak and finally break. 

The Superheater Company has experimented and tested many 
different types of single-loop superheater units, most of them 
based upon the principle of placing the bulk of the superheating 
surface of the unit so that the steam flows in counterflow with 
the gases, and only one pipe is used for the return of the steam 
to the front end in uniflow with the gases. 

Example of such units are the “H” type, 5P, 6P, and 7P units. 
All of these types of units are subjected to the same differential 
temperature stresses. In the “HA” type unit this has been 
compensated by the use of a short section of double-loop Py 
which acts like an expansion joint thus taking care of the differ- 
ential expansion. 
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In the standard double-loop superheaters, both type ‘‘A’’ and 
type “E,” there is sufficient flexibility to distribute and absorb 
this differential expansion without setting up undue stresses 
that cause trouble. 

In view of the desirability of improving the tractive power of 
steam locomotives at high speeds the question of low pressure 
drop is important, and careful attention is given to the design 
of superheater, dry pipes, throttles, steam pipes, and cylinders 
to gain this end. 

The question of reducing the pressure drop through the dry 
pipe, superheater header, throttle, steam pipe, and valves pre- 
sents no difficulty from the standpoint of design as these steam 
passages can be increased considerably above present practice 
without interfering with the fundamental design of the loco- 
motive, or reducing the useful life of these parts. 

An undue increase in the steam area through the superheater 
units, however, may under some conditions adversely affect 
the power output of the locomotive as well as the life of the 
units. 

To reduce pressure drop to a minimum and at the same time 
maintain high superheat for maximum economy in the use of 
steam involves not only the steam passages from the boiler 
through the superheater to the steam chest, the valves, and ex- 
haust passages but also the correct proportions of the cylinders 
to the weight on drivers. 

Experience with superheater engines during the last thirty 
years has shown that a factor of adhesion of 4 is about the mini- 
mum for satisfactory locomotive operation with superheaters of 
normal pressure drop, and it is only under difficult rail conditions 
that such locomotives have been found to slip at high speeds. 

If locomotives with factor of adhesion near the lower limit 
have the superheater changed to single loop, cutting the pressure 
drop in half, and thereby raising the mean effective pressure at 
high speed, such engines might prove very slippery at high speeds 
when using ordinary valve gears. 

Under such conditions the engine must be throttled, the eylin- 
der diameters reduced, or the initial boiler pressure cut, and this 
will cancel the improvement that was originally sought to be 
gained by the lower pressure drop at high output, and one is 
back where he started. 

For locomotives that are undercylindered, and have a factor 
of adhesion larger than 4, a considerable improvement may be 
gained in decreased pressure drop through the use of the single- 
loop superheater. 

Engines designed fifteen or more years ago were usually 
equipped with superheaters smaller than is present practice. 

Many of these older locomotives have been rebuilt and 
equipped with more efficient and powerful front ends, stokers, 
better grates, and valve gears. This has permitted such modern- 
ized engines to be forced to much higher rates of evaporation 
than originally possible and, logically, the superheater should 
be enlarged correspondingly both as to surface and steam area. 

The greatest gain in increased boiler efficiency, higher super- 
heat and low pressure will be obtained by installing type “EK” 
superheaters. Whenever this is not expedient a good improve- 
ment can be obtained by the installation of a superheater unit 
like the “HA,” which gives some 50 F higher superheat, without 
any increase in the pressure drop. 

Another solution may be that of using a single-loop type ‘‘A”’ 
‘uperheater. This would give less superheat, but only one 
third of the pressure drop of the double-loop type ‘‘A’’ with 
the same number of units. 

In his fifth question Mr. Meister observes that the majority 
of modern locomotives have been designed with type ‘‘E” super- 
heaters, and inquires regarding the improvements that will re- 
sult from the use of this design as compared with the older type 


“A” superheater, or other types of superheater and boiler de- 
signs. 

The type ‘‘E”’ superheater is a fire-tube superheater with a 
header in the front end of the same general design as the type 
“A.” The difference lies in the arrangement, also the size of the 
superheater flues and units. The superheater flues in the type 
““E””’ superheater may vary in size from 3!/,in. OD to 4 in. OD 
depending upon the length of the flues. The size of the flue is se- 
lected so as to give the maximum efficiency with minimum draft 
loss. 

Each unit is a double loop with one loop of superheater pipe in 
each of two superheater flues. The unit pipes are of such size as 
to give the highest superheat with the lowest pressure drop and 
draft loss. There are a number of open small tubes that do not 
contain superheater units. 

Due to the use of the smaller size of superheater flues in the 
type “‘E”’ superheater as compared with the larger flues used in 
the type ‘‘A”’ it is possible to gain from 8 to 10 per cent in the 
total flue evaporating heating surface of the boiler for the same 
length of flues; this in addition to a gain of from 3 to 6 per cent in 
the total free gas area through the boiler. 

The heating surface of the type “‘E’’ superheater is increased 
from 35 to 50 per cent over the type ‘‘A” superheater thus giving 
from 60 to 80 degrees higher superheat at maximum capacity for 
equal conditions of operation, and an even higher difference at 
the lower rates of working because of the greater surface and the 
more efficient disposition of same. 

The steam area through the superheater is usually greater than 
the type ‘‘A,” and is ample for normal low pressure drop. 

The foregoing physical improvements in the amount and effec- 
tiveness of the heating surfaces result in a decided improvement 
in boiler efficiency and superheat with a resultant improvement 
in the over-all efficiency and capacity of the locomotive of upward 
of 15 per cent as compared with an old-style large-flue super- 
heater. 

With a properly proportioned grate and firebox the type “E”’ 
superheater-equipped locomotive boiler represents the most 
efficient concentration of boiler power that has so far been pro- 
posed for use in the conventional boiler and has proved practical 
in every respect. 

In addition to the improvements in efficiency and capacity 
resulting from the use of the type “E”’ design there are several 
other practical advantages, such as a reduction in the number of 
unit header connecting joints to keep tight, and easier locomo- 
tive to draft because of the more even distribution of the same 
size of flues over the tube sheets, a larger space between the flues 
at the back tube sheet providing more water space and better 
circulation, which is of considerable importance in flue and tube- 
sheet maintenance. 

The relative small-diameter flues permit the use of thinner 
flues as compared with the large flue superheater. This, together 
with the uniform size and thickness of the flues, equalizes the ex- 
pansion strains reducing flue leakage and flue-sheet cracking. 

Regarding Mr. Meister’s sixth question, whether better re- 
sults would be obtained with the stoker located in the front of the 
firebox. This question is very completely answered by Mr. 
Roesch’s discussion on this paper; and the question of burning 
pulverized coal is touched upon in another place. 

Mr. Meister’s seventh question is of great interest to railway 
management. Many studies have been made on this subject, but 
it is apparent that sufficient experience has not yet been had to 
permit an accurate analysis, as suggested by Mr. Meister, from 
which definite conclusions could be made. This subject is of such 
large scope that it alone would require a separate treatise. 

Mr. Ostermann’s discussion on the high economy that results 
from the use of high superheat is valuable, and brings out the 
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great importance that correct principles of superheater design 
have upon the satisfactory operation of locomotives. 

The record of locomotive construction throughout the world, 
during the last thirty years, amply sustains the conclusion that 
the fire-tube superheater has proved the only practical design for 
the conventional locomotive boiler so far devised to obtain high 
superheat. Many other types have been tried, but without suc- 
cess. 

This record, however, although gratifying, has not stopped the 
research work of The Superheater Company as they for many 
years have been engaged in a systematic and complete program 
of superheater design. 

Every practical form of superheater unit so far conceived bas 
been tested by The Superheater Company to determine the form 
of unit that would give the maximum superheat and highest evapo- 
ration, combined with minimum draft loss, minimum pressure 
drop through the superheater, low weight and cost, and, at the 
same time, be easy to maintain. 

The author’s replies to several of the questions raised by Mr. 
Meister in his discussion will answer some of the points raised 
by Mr. Ostermann. 

Mr. Pownall adds a valuable contribution. Based on years of 
experience in this field he has confirmed the importance of testing, 
also modification of designs to meet specific operating conditions. 
His work in the development and improvement of the locomotive 
front-end construction is well known. 

Mr. Pownall suggests that the cost of boiler repairs, stated by 
the author to be about 30 per cent of the total cost of repairs, 
should not exceed 15 per cent. 

The 30 per cent figure was quoted from the report of the Federal 
Co-Ordinator of Transportation on comparative cost of steam- 
locomotive repairs, dated November 7, 1935, page 82, and being 
of great interest is quoted below: 


Boiler Repair Costs 


In response to the question: “‘Do you have data separated so 
as to show what proportion of the total costs of repairs is properly 
chargeable to locomotive boilers? If the answer is ‘yes’ state 
the percentage,”’ eight roads stated that they kept the data sepa- 
rated and showed it varied from 19.2 to 37.4 per cent of the total 
cost of locomotive repairs; one hundred and ten roads did not 
have the separation, and ninety seven made estimates that ran 
from one to sixty-five percent. A summarization of their esti- 
mates showed: 


Estimated proportion 
of total cost of loco- 
motive repairs due to 


Number of roads boilers, per cent 


Of the roads making an estimate, 68 of them, aggregating 
70 per cent of their estimates, ranged from 20 to 40 per cent, so 
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it is probably fair to assume that a mean between these extremes, 
or 30 per cent, would be a fair general approximation. An effort 
was made to develop to what extent the treatment of water had 
affected the cost of locomotive repairs. However, since there is 
such a limited knowledge with respect to what the boiler repairs 
cost, it was found impracticable to get much of value in this con- 
nection. 

From the foregoing it will be noted that only five class 1 rail- 
roads out of 165 reporting had a boiler cost below 15 per cent 
of the total cost. 

Mr. Roesch has submitted an interesting discussion on the 
subject of the great importance to locomotive-boiler operation of 
the problems and phenomenon of burning fuel in firebox. In the 
past this subject has been given much thought and study, and 
there is no question but that further research is necessary, also, 
that available test data should be published and interpreted, 

There is one point in Mr. Roesch’s discussion upon which fur- 
ther thought may be given. He states, “Needless to say, the 
general adoption of restricted grates was hailed by locomotive- 
stoker manufacturers as it fully supported their contention that 
stack loss was not a question of coal size as fired but rather one of 
air openings through the grates and draft influence.” 

The author feels that this statement cannot be accepted as it 
stands without further explanations and qualifications as it is 
contrary to his own experience as to the effect that the size or per 
cent of fineness of coal has upon stack loss or unburned fuel loss. 

The author has personally conducted many fuel tests which 
showed that the greater the percentage of fineness in the coal as 
fired, the greater the stack loss, based on exactly identical loco- 
motives, heating value of fuel, and method of firing. Many tests 
conducted, some within recent years, have proved this to be so. 

With the permission of W. G. Knight, mechanical superin- 
tendent, Bangor and Aroostook Railroad Company, the follow- 
ing abstract is quoted from the test report of a recent test most 
carefully conducted on this road. 

“In 1939 a thorough investigation was made on the Bangor and 
Aroostook in connection with noted increase in coal consumption. 

“Every cargo of coal that this Company buys is analyzed, and 4 
careful study made indicated that the chemical composition of the 
coal was good, and it was, therefore, necessary to look elsewhere for 
the cause. 

“Stack losses were known to be excessive and tests with dyna- 
mometer cars were made under the following conditions: 

“Two carloads of coal of approximately 80 tons were screened and 
the amount of fines removed from the coal would be everything 
below the !/2” screen mesh. This coal was run through the stoker 
and rescreened again. From this test approximately 28 per cent 
fines would pass through the '/2 in. screen. 

“Two engines, identically of the same construction, one being 
hand-fired, and the other stoker-fired, were used for the test. 

“A coal car was used behind the locomotive to catch all cinders 
that could be obtained for the purpose of getting samples to analyze 
their heat value. 

“The results showed among other things that by using screened 
coal containing 1.24 per cent slack the saving obtained when com- 
pared with the same coal having different percentage of slack was 
found to be as follows: 


Fuel saving lb per 
M.G.T.M. in per cent 


8 
12.2 
16.0 


The conditions of the locomotive and test were identical in all com- 
parisons. 

“It was further found from these experiments that the difference 
from the coal consumption of run-of-mine coal having 25 per cent t 
30 per cent fines as compared with the 15 per cent fines amounted to 
@pproximately 10 per cent. 

“Results from operation extending over a year on coal having 1 
per cent or less slack have even shown on average operation slightly 
better than 10 per cent saving.” 


" The foregoing quoted test results on the Bangor and Aroostook 


P 
b 
Is 
ti 
lo 
ve 
So 
tre 
en 
} 
97 
Ps 


| 
erence 
ent to 
ted to 
ing 15 
lightly 


ystook 


BRANDT—THE LOCOMOTIVE BOILER 


are confirmed by recently conducted fuel tests on the New York 
Central Railroad. 

These tests were run for the specific purpose of determining the 
qualities of different grades of fuel, under identical conditions, of 
a modern 4-6-4 type locomotive, on standing blowdown tests. 

Permission has been granted to quote the following conclusions 
relating to the subject of the effect of fineness and slack in fuel. 


“Preliminary results of tests on fuel from six different mines in 
which the percentage of slack in the coal varied from straight egg 
coal with no slack (what is commonly known as 100 per cent egg) to 
40 per cent egg with 60 per cent screenings or 60 per cent slack. 

“The test showed that where the slack content has been increased 
the coal rate was correspondingly increased for identical rates of 
evaporation for practically all the fuel fired. 

“Coals of practically the same chemical composition and some 
slight difference in the B.t.u. value will result in an inferior boiler 
performance as the use and percentage of screenings is increased. 

“The use of increased percentage of screenings, resulting in a lower 
boiler evaporative capacity, will affect the locomotive performance. 
This decrease in the boiler performance may be of sufficient magni- 
tude to reduce the locomotive performance required for heavy trains 
on fast schedules 10 per cent.” 


From the foregoing it would appear that this question is of 
great importance and is worthy of the very careful study that it 
is now receiving at the hands of the various railway administra- 
tions. 

Mr. Sillcox’s comments are of great value because of the 
prominent part that he has taken in the development of the steam 
locomotive. His reference to a new approach to the use of pul- 
verized coal and water-tube boilers is particularly timely. 

Many studies have been made of this, and different types of 
water-tube boilers have been built in this country and in Europe. 
So far only a few locomotive tube boilers have operated success- 
fully. These have been confined to good feedwater territories. 

For high availability, that is, long periods of continuous serv- 
ice that we strive for today, it is necessary, no matter what the 
construction of the water-tube boiler may be, to use only fully 
treated water; or in conjunction with condensing operation of the 
engine when pure scale-free boiler feedwater will be assured. 

Mr. Sillcox’s reference to the use of pulverized fuel is also im- 
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portant. Based on various tests with burning pulverized fuel it 
appears practical to design a locomotive firebox for the conven- 
tional standard boiler, or water-tube boiler, in such a manner as 
to satisfactorily burn pulverized coal at rates that will satisfy 
and exceed any demands so far placed on the modern locomotive. 

To do so it will necessitate pulverizing the coal very finely as 
this will increase the speed of the combustion process by a more 
rapid contact between the molecules of carbon and oxygen. 

At maximum rate it should appear possible to obtain a com- 
bustion efficiency of 95 instead of 60 per cent, or less, with the 
present standard method of firing. This increase in the com- 
bustion efficiency, in addition to the other advantages that will 
accrue from burning of pulverized fuel, must pay for the total 
cost of pulverizing the coal. 

The discussion by Mr. Wallace is welcomed indeed in view of 
the intimate knowledge which he has had of research problems 
affecting locomotives and railway operation. His comments on 
the necessity of reducing the delay at terminals are pertinent as 
every minute saved on stops and slow orders will decrease the 
elapsed time between terminals. 

Mr. Wallace again stresses the necessity of a coordinated pro- 
gram of test and research for the further improvement of the 
steam locomotive, and that the development of a more efficient 
and lighter boiler must go hand in hand with the development of 
the prime mover as the steam consumption of the engine must 
be reduced substantially below the present practice. 

Whether this new prime mover will take the form of a re- 
ciprocating or rotating steam engine, or turbine, can only be 
answered by future developments, but, in any case, it is apparent 
that condensing operation is a very desirable thing not only to 
reduce the specific steam consumption of the prime mover, but 
also to furnish pure condensate for the boiler feedwater. 

The most recent practical development now in sight is the 
perfection of the Franklin improved cylinder arrangement with 
poppet-type steam and exhaust valves driven with a cam valve 
gear. 

Such an arrangement is now being successfully used in the 
United States, and has shown a remarkable improvement in 
power development at high speeds. 
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Design Factors Controlling the Dynamic 
Performance of Instruments 


By C. S. DRAPER,' CAMBRIDGE, MASS., ano G. P. BENTLEY,? WALTHAM, MASS. 


This paper presents a generalized treatment of instru- 
ments which have a single movable index, controlled by 
the magnitude of a single actuating quantity. Such an 
instrument acts as a system with one degree of freedom 
and is studied by the well-known methods developed for 
such systems. Instruments which include servomecha- 
nisms cannot be treated as systems with one degree of 
freedom and are therefore excluded from, consideration. 
From the standpoint of static indications, it is shown that 
the essential properties of an instrument can be specified 
in terms of range, scale sensitivity, calibration error, en- 
vironmental error, and uncertainty. The definition and 
use of each of these quantities is discussed. 

It is shown that the response of an instrument to rapid 
changes in the actuating quantity can be calculated if 
two parameters called instrument characteristics are 
known. One of these parameters has the dimension of 
time and is called the characteristic time. The second 
parameter is nondimensional and is called the damping 
ratio. Nondimensional curves, showing instrument re- 
sponses to three typical variations in the actuating quan- 
tity, are plotted for a series of values of the damping ratio. 
These curves are used in an illustrative example to show 
how the values of the instrument characteristics, required 
to keep dynamic errors below a given limit, can be deter- 
mined in a practical case. 


NSTRUMENTS must be designed to meet many types of 
l service. Although individual instances will often present 

problems which call for particular construction details 
or special materials, certain aspects of instrumentation can be 
generalized to include the requirements of many practical cases. 
Such generalizations are useful not only in writing specifications 
for equipment but also in the analysis and discussion of instru- 
ment problems. The system which is outlined herewith has 
been developed for teaching and design purposes at the Massa- 
chusetts Institute of Technology. Emphasis is placed on the 
points of similarity between instrument problems rather than 
on the differences which appear when a comprehensive scheme 
of terminology is applied. For a classification of instruments 
irom the standpoint of their use in industry the reader is referred 
to the works of Behar (1),? and Smith and Fairchild (2, 3). 

Reduced to the simplest terms, an instrument is so often an 
arrangement in which the position of a pointer or index is con- 
trolled by some physical quantity, that instruments of other 
types may be considered as special cases. In the operating range 
of an instrument, it is usually intended that a continuous motion 
of the index will follow a continuous change in the actuating 
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quantity which controls the instrument. A device in which 
this result has been achieved by design falls into the category 
of systems with 1 deg of freedom and will be called an “elemen- 
tary instrument.’”’ Unless otherwise specified, the term “instru- 
ment” will always refer to an elementary instrument. One of 
the authors and G. V. Schliestett (4) have discussed in generalized 
form the mathematical analysis of elementary instruments. 
The analysis divides naturally into two cases, depending upon 
the way in which the actuating quantity changes. If the 
actuating quantity is constant, the index will become stationary 
and the instrument subjected to ‘static conditions.”” On the 
other hand, if the actuating quantity is varying so rapidly that 
the index does not follow the changes exactly, the instrument is 
operating under “dynamic conditions.’”’ Practical problems 
deal with the properties required in an instrument to meet cer- 
tain static requirements and to perform satisfactorily under 
given dynamic conditions. The present paper suggests a 
method of specifying the essential features of an instrument in 
terms of characteristics which can be conveniently applied either 
for design purposes or for determining the suitability of an 
instrument for use in a given situation. 


Sratic CHARACTERISTICS 


The essential external features of an elementary instrument 
are shown in Fig. 1. From the standpoint of performance, the 


dq d 
INSTRUMENT q 
| MECHANISM dq, INDEX 
SCALE 


= ACTUATING QUANTITY 
j= INDEX POSITION 
Qs" SCALE READING IN TERMS OF ACTUATING QUANTITY 


Fic. 1 EssentTiaAL FEATURES OF AN ELEMENTARY INSTRUMENT 
mechanical details inside the case of an instrument are un- 
important. It is sufficient to know that the instrument contains 
a mechanism of some sort which produces a change in an index 
when a change occurs in the actuating quantity. If the instru- 
ment belongs to the general class called “meters,” a scale is 
attached to the structure which directly associates each position 
of the index with some measure of the actuating quantity. 
Other instruments may not include a scale and so would be 
disqualified as meters. However, there is always the possibility 
of interpreting index positions in terms of the actuating quantity 
by means of tables or calibration curves. For purposes of dis- 
cussion, any means capable of performing the function of identi- 
fying some state of the actuating quantity with each position of 
the index will be called a “scale.” 

The general nature of an instrument mechanism is deter- 
mined when the actuating quantity is given. The requirements 
of static performance for the mechanism and the scale may be 
specified in terms of the range and the scale sensitivity. Range 
is the difference between the highest and lowest magnitudes of 
the actuating quantity which the instrument is to measure. 
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Scale sensitivity is the ratio of a small change in scale reading to 
the corresponding small change in index position, i.e. 


Scale sensitivity = S, = dq,/dq; 


In general S, may be different for different parts of the scale or 
it may be constant throughout the range. A vapor-pressure 
thermometer, using a pressure gage of uniform sensitivity as the 
indicating system, will have a temperature scale of varying 
scale sensitivity. 

For static conditions, an instrument with a scale perfectly 
suited to the mechanism, with no friction or hysteresis in the 
mechanism and not affected by changes in physical quantities 
other than the actuating quantity, would be completely specified 
by the range and scale sensitivity. Such an instrument would 
be perfectly accurate in the sense that the scale reading would 
always be equal to the actual value of the actuating quantity. 
This condition may not be fulfilled but, in any case, a small 
change in the scale reading may be related to a small change in 
the actuating quantity by the equation 


where C is the calibration coefficient. Obviously the condition 
for an ideal direct-reading instrument is for the calibration 
coefficient to be unity. Keeping in mind that C may vary over 
the range in practical cases, the scale reading corresponding to 
a given magnitude of g can be found by integrating Equation 
to obtain 


where K is the constant of integration and C is a proper average 
value of the calibration coefficient. If the zero adjustment of 
the instrument is set so that the scale reading is correct (¢, = 9) 
at some part of the scale, the constant of integration can be 
eliminated from Equation [3]. The actual instrument per- 
formance can then be expressed by means of a plot of 


as a function of the scale reading. 

In practice the variations of the calibration coefficient over 
the range of an instrument are so small that a plot of static 
corrections is more convenient for studying performance than a 
plot of the calibration coefficient itself. If the static correction 
is defined as the difference between the actual magnitude of the 
actuating quantity and the scale reading, Equation [3] gives 

1—C 
Static correction = qeorr = = 4s (15), 


or, expressed in terms of the fractional static correction 
Fractional static correction = qeorr/q, = (1 — C)/C 


The fractional static correction expressed as a percentage is a 
measure of the inaccuracy of the scale reading in any particular 
case, but it is inconvenient for generalized discussions, since it 
varies with both the correction and the scale reading. For 
specification purposes, it is better to express the correction as a 
percentage of the highest reading on the scale. In this form 
the correction will be called the full-scale fractional static cor- 
rection and will be given the symbol Ag,, where 


and Q, is the difference between highest and lowest scale readings 
or total scale range. 


ANALYsIs OF Sratic CORRECTIONS 


Many instrument mechanisms are affected to some extent 
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by changes in physical quantities other than the actuating 
quantity. These physical quantities together make up the 
environment of an instrument. The process of marking off the 
scale to read directly in terms of the actuating quantity is called 
calibration and must be carried out under some particular state 
of the environment which establishes the calibration conditions. 

Static corrections can be broken down on the basis of the 
source responsible for each component. These components 
and a corresponding symbol in terms of full-scale fractional static 
correction are as follows: 


1 Calibration error (Aq,) is due to improper fitting of the 
scale to the instrument under calibration conditons. 

2 Environmental error (Aq,) is due to variations of the en- 
vironment from calibration conditions. 

3 Uncertainty ( Aq,) is due to imperfections in the instrument 
mechanism such as rubbing friction between solid parts, hysteresis 
in elastic members, etc. 


Calibration errors often appear when instrument mechanisms 
are attached to independently graduated scales without special 
adjustments. The slow changes due to wear and aging effects 
may also produce calibration errors. Such errors may be found 
by experiments carried out under calibration conditions. En- 
vironmental error can sometimes be calculated but can always 
be determined by experiment. For any particular reading of 
a given instrument, the calibration error and the environmental 
error can be combined into a correction which removes both 
these errors when applied to the reading. In addition to the 
method of correction, environmental errors can be eliminated 
by designing the instrument mechanism to be unaffected by 
changes in the environment. An instrument constructed in 
this fashion is said to be compensated. 

Uncertainties differ from the errors just considered in that 
they cannot be exactly determined for a particular scale reading 
and applied as a correction. Uncertainty appears when a scale 
reading is made from a pointer of finite width. Rubbing friction 
between solid parts in the mechanism is a second typical cause 
of uncertainty. Due to this friction, some finite change in the 
actuating quantity must occur before a detectable motion of 
the index appears. From this standpoint, uncertainty, as the 
word is used here, is similar to ultimate sensitivity as this term 
is accepted by Behar (1). 

In general, it is only possible to set an upper limit for the 
uncertainty associated with a particular scale reading. Smith 
(3) has applied the term ‘‘dead zone’’ to a similar concept. Ac- 
cording to Smith: ‘‘The dead zone is the extreme range of values 
of the variable possible without moving the indicator from 4 
given position, in the absence of abnormal vibration; the dead 
zone is ordinarily twiee the frictional error.”’ Actually the un- 
certainty in any particular scale reading may be anything from 
zero to a maximum value determined by friction or the pointer 
width. The exact value of the uncertainty in a given instance 
will depend upon the previous history of the scale reading 
condition of the instrument mechanism, vibration, ete. Al 
though it might be possible to estimate the uncertainty in par 
ticular cases, the usual procedure is to accept the maximum u?- 
certainty as a fundamental limitation on the accuracy of 3! 
instrument. 


Dynamic Errors 


Rapid changes in the actuating quantity are accompanied )! 
differences between instantaneous scale readings and the true 
values of the actuating quantity which occur at the same time 
For any particular case, the static correction may be responsible 
for part of such differences but there will, in general, be anothe' 
component peculiarly due to the fact that the actuating quantit! 
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is changing. This latter component will be called the ‘(dynamic 
error.” Fig. 2 graphically illustrates the concepts of dynamic 
error and the corresponding time lag for a case with negligible 
static corrections. From Fig. 2, dynamic error is the difference 
between q and q, at a given instant, while time lag is the time 
interval between the instant the actuating quantity passes 
through a certain value and the instant at which the scale reading 
reaches this value. 

Many authors have studied the problem of dynamic errors. 
In the field of industrial instruments, Behar (1), and Smith and 
Fairchild (3) have summarized the methods of attack and have 
given typical results. The work of Draper and Schliestett (4), 
in reducing the analysis of dynamic errors to generalized non- 
dimensional forms suited for engineering use has already been 
mentioned. The discussion which follows deals with a scheme 
for analyzing the dynamic errors of an elementary instrument 


TIME LAG 


q = ACTUATING QUANTITY 
q, = SCALE READING 


TIME 


Fig. 2) Dynamic Error anp Time LaG 

interms of two characteristic parameters. One of these parame- 
ters has the dimensions of time and will be called the ‘‘charac- 
teristic time.’’ The other parameter is dimensionless and may 
be either the damping ratio or the characteristic damping number. 
In certain cases, the undamped natural frequency may con- 
veniently be used as the time parameter. Methods for deter- 
mining these parameters in actual cases have been described 
(4). The treatment which is outlined in this reference will be 
reviewed briefly in the present paper and extended to show 
how the characteristic parameters may be applied to engineering 
problems. 

For any given instance, the dynamic error will vary with time 
ina manner dependent upon the characteristics of the instru- 
ment used and upon the way in which the actuating quantity 
changes. This means that each set of circumstances will re- 
quire special treatment for an exact determination of dynamic 
errors. The amount of work necessary can be reduced by ap- 
proximating actual variations in the actuating quantity by means 
of changes falling into three basic types. In the first of these 
types, the actuating quantity changes so rapidly between two 
Constant values that the change is completed before the instru- 
ment reading has changed appreciably. A change of this sort 
is called a “step function.” The second type occurs when the 
actuating quantity varies directly with time and will be called a 
‘linear change.” The third type is a continuous sinusoidal 
Variation which may actually be one component of a more com- 
plicated periodic change. It will be shown how the instrument 
tharacteristies can be simply applied to predicting the dynamic 


‘rors which occur with each type of variation in the actuating 
quantity. 
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GENERALIZED EQuaTION OF MorTIoNn 


Motion of an instrument index is determined by the balance 
between effects of four types which, for purposes of discussion, 
will be considered as generalized forces, as follows: 


1 Restoring forces which tend to move the index toward 
some equilibrium position with a force magnitude proportional 
to the divergence of the index from that position. 

2 Damping forces which resist motion of the index with a 
resultant magnitude proportional to the index velocity. This 
assumption yields useful results for many cases in which it 
represents an approximation. 

3 Inertia forces which are proportional to acceleration of the 
index. 

4 Forces which depend upon the magnitude of the actuating 
quantity. These forces are responsible for initiating changes 
in the index position, and for this reason, the mathematical 
expression which specifies the actuating quantity as a function 
of time will be called the ‘forcing function.” 


It has been shown (4), that the first three of these forces may 
be expressed in terms of the scale reading to give the equation 
of motion in the form 


(a2)d*q,/dt? + (a;)dq,/dt + (ao)q, = aog.......... [8] 


This equation can be solved by well-known methods (5) for the 
case in which the coefficients ao, a:, and az are constants. When 
these coefficients vary either with time or with the scale reading, 
a solution is usually so difficult to handle that the assumption 
of constant coefficients is made even for cases where it is not true. 
The resulting solutions will not be exactly correct but will often 
give a picture sufficiently close to physical facts for engineering 
purposes. These solutions will show the way in which the scale 
reading varies with time for a particular instrument under given 
conditions. The actual value of the actuating quantity at any 
instant can be found from the forcing function so the dynamic 
error is completely determined as the difference (¢q — q,) or on 
a fractional basis as (1 — q,/q). 

Two types of problems involving dynamic errors appear in 
practice. In the first type the coefficients associated with a 
given instrument are known and it is desired to find the dynamic 
errors existing when a particular forcing function is applied. 
Cases of this nature are simple in that it is only necessary to 
carry through straightforward solutions of Equation [8]. Prob- 
lems of the second type start with requirements on the magnitude 
of dynamic errors accompanying certain forcing functions and 
lead to values of the coefficients (instrument design constants) 
a, @, and a; as the desired results. The object of generalizing 
the analysis of dynamic errors is to reduce the amount of effort 
required for solution of either type of dynamic-error problem. 
The method of attack is to divide Equation [8] through by a, 
so that the coefficient of the first-derivative term has the dimen- 
sions of reciprocal time, and the coefficient of the term in q, 
has the dimensions of reciprocal time squared. The coefficient 
of the first-derivative term can be used to establish a character- 
istic time for an instrument. It will be shown that one addi- 
tional parameter in the form of a dimensionless ratio will com- 
pletely specify a given instrument. The dimensions of the 
actuating quantity in any particular case are immaterial since 
time is the only dimension involved in the characteristics. The- 
characteristics completely define the equation of motion so it. 
follows that all instruments with the same characteristics wil} 
have the same dynamic errors under identical forcing functions 
and initial conditions. Because of this fact, it is possible to 
plot families of nondimensional curves for the dynamic response 
of instruments to the three forcing-function types which have 
been chosen as representative practical cases. With these 
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curves available, it is possible to solve a wide range of dynamic- 
error problems by a simple inspection of the curves. The 
mathematical background necessary for proper use of the instru- 
ment characteristics is outlined and the use of nondimensional 
performance curves is illustrated by examples. 


SoLuTION OF Equation OF MorIon IN TERMS OF INSTRUMENT 
CHARACTERISTICS 


Equation [8] has solutions which give the variation of the 
scale reading q, with time. These solutions have the general 
form 


The first term on the right-hand side is called the ‘‘transient’”’ 
and is the solution of Equation [8] with the forcing function 
taken as zero. The second term is any solution of the complete 
equation for a given forcing function and is called the ‘‘steady- 
state’ solution. Physically, the steady-state solution gives 
the behavior of the instrument after a particular forcing function 
has continued indefinitely. The transient represents the period 
of accommodation required for the instrument to change from 
one steady-state condition to another. 

Mathematical details required to solve Equation [8] are 
discussed in any course on the differential calculus but the 
solutions thus obtained are usually left in a form which is un- 
necessarily clumsy for engineering use. The treatment which 
follows is intended to reduce the work required to obtain quanti- 
tative results in dynamic-error problems. It is found that the 
transient component of the solution may be either oscillatory or 
nonoscillatory, depending upon the relative magnitudes of 
the coefficients in Equation [8]. From the standpoint of analy- 
sis, a knowledge of the quantities chosen for characteristics 
should make it possible to determine the dynamic behavior of 
an instrument directly from generalized nondimensional curves 
for either oscillatory or nonoscillatory transients. Reasons 
for the choice of characteristic time and the damping ratio, as 
these parameters are defined, will appear as the analysis is 
developed. 


INSTRUMENT TRANSIENTS 


The nature of the characteristics can best be explained from a 
study of the transient component in the solutions of Equation 
[8]. If the forcing function is placed equal to zero and each 
term is divided by a2, Equation [8] becomes 


d*q,/dt®? + (a;/az)dq,/dt + (ao/a2)q, = 0 


The exponential function, the form of which is unchanged by 
differentiation, is particularly suited for the solution of Equation 
{10}. Two arbitrary constants must appear in the solution, 
since the original equation is of the second order. It follows 
that the solution may be written in the form 


q = Ae*/", + Be-*/7, 


The symbols 7; and 72 must represent quantities with the dimen- 
sion of time, since the exponents must be without dimensions. 
Substitution of the expression given by Equation [11] into 
Equation [10] shows that 7; and 7; must be expressible in terms 
of the coefficients a, a;, and a, by the relationships 


1/7, = (a1/2a,) — VV — 


= + V (ai/2a2)? — (ao/a2) 


The first term on the right-hand side of these equations is always 
real, but the quantity under the radical may be either real or 
imaginary, depending upon the magnitude of (a:/2a2)? with 
respect to the magnitude of (ao/az). If the second of these 
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quantities is greater than the first, the radical terms become 
imaginary and the corresponding motion for the transient part 
of the expression for q, is oscillatory. In this case Equation 
{11] is usually changed from the exponential form to a trigono- 
metric form which is more convenient for practical use. If 
(a:/2a2)? is greater than (ao/a:), the radical term is real and 
Equation [11] can be used as written. A third case exists which 
represents the transition condition between oscillatory and non- 
oscillatory transients. 

For maximum usefulness the quantities chosen as instrument 
characteristics should be easily applied to any case whether the 
transient is oscillatory or nonoscillatory. The undamped 
natural period of an instrument is suitable for use when the 
transient is oscillatory or the forcing function is sinusoidal, but 
is difficult to interpret directly when the transient is non- 
oscillatory or forcing functions are not sinusoidal. On the other 
hand, the quantity (2a:/a;) has the dimension of time and is so 
intimately associated both with the damping of transients and 
steady-state dynamic errors that it is particularly suitable for 
use as one of the instrument characteristics. For this reason 
the characteristic time will be defined as 


To specify completely the behavior of an instrument under 
dynamic conditions, another parameter is required in addition 
to r. This parameter is the second instrument characteristic 
and can always be chosen as a dimensionless ratio. The ratio 
between 7; and 72, as these quantities are defined by Equations 
{12] and [13], is the most obvious choice for a dimensionless 
instrument characteristic. This ratio is especially useful for 
nonoscillatory transients and will be called the “characteristic 
damping number.” 


vy = > 72) 


When the transient becomes oscillatory, the characteristic 
damping number becomes a complex quantity which is difficult 
to interpret for practical purposes. A dimensionless ratio which 
can be conveniently applied in any case is the damping ratio. 
This ratio is defined as the ratio of the coefficient a; which 
actually exists to the coefficient aic which must exist for the 
condition which divides oscillatory from nonoscillatory tran- 
sients. Mathematically this critically aperiodic condition is 
reached when 


(a;/2az)? = [16] 


For this case 


and 
Damping ratio = ¢ = ai/ax = »v = 1/72 = 


It follows that when ¢ is less than unity, the transient will be 
oscillatory, while the transient will be nonoscillatory for values 
of ¢ greater than unity. The characteristic damping number will 
be unity when the transient is critically aperiodic, greater than 
unity for nonoscillatory transients, and complex for oscillatory 
transients. 

In order to solve dynamic-error problems, certain definitions, 
in addition to those already discussed, are convenient. The 
“circular natural frequency”’ is defined as 


Circular natural frequency = 


w = = 2n/T 


In Equation [20] n is the natural frequency and 7’ is the natural 
period. When the coefficient a; is zero, the quantities thus 
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Fig. 3 INSTRUMENT RESPONSE TO A STEP FUNCTION 


defined become the undamped natural circular frequency, the 
undamped natural frequency, and the undamped natural period, 


respectively. The undamped condition is indicated by a sub- 
script n on each of the quantities so that 
tt, = = = 2e/T,.......... [21] 
and 


A convenient way of remembering the relationships between 
the instrument characteristics and the other essential quan- 
tities involved in the solution of dynamic-error problems is to 
write the original differential equation of motion in terms of the 
derived quantities. The result of this procedure is as follows 


d%q,/dt? + (a,/az)dq,/dt + (ao/az2)q, = (ao/az)q... . . . [23] 
d?q,/dt? + 2¢w,(dq,/dt) + = [24] 
d*q,/dt? + (2/r)dq,/dt + 1/(§r)*q, = [25] 


d*q,/dt® + (v + 1)/ri(dq,/dt) + (v/71*)q, = (v/717)q. [26] 


Written in terms of the instrument characteristics, the transient 
can be conveniently expressed in three forms, depending upon 
the value of ¢. 


Case 1 Oscillatory transient, ¢ is less than unity, v is complex 


= A sin [{0/1 (t/7)) 
+B cos V1 — ..... [27] 


or 
q, = Ae~*/* cos[ — (t/z) + [28] 
Case 2 Critically aperiodic, = = 1 


Case"3 Nonoscillatory, ¢ > 1, v > 1 
q, = 4 [30] 


where 


In Equations [27], [28], [29], and [30], the symbols A, B, 
and ¢ represent “‘fitting constants” to be used for fitting the 
transient equations to combinations of particular steady-state 
solutions and given initial conditions. 


Dynamic Errors Propucep By A Funcrion 


The step function will be treated as the first typical forcing 
function. For analytical purposes, a step function can be con- 
sidered a case in which the scale reading is constant at zero 
under a zero magnitude of the actuating quantity, before the 
instant taken as the initial instant, followed by an instantaneous 
change of the forcing function to some constant value at the 
initial instant. Mathematically these circumstances can be 


expressed as 
t=0 qg=4,=0 dgq/dt = dq,/dt = 0 
t>0O q=q, dq/dt = 0 


When the fitting constants of Equations [27] to [30] are adjusted 
so that the general transient equations meet the particular 
initial conditions of the step function, the results are 


= 1— — sin [f V1 — 27/8} (t/2)] 
+ cos — (t/2)]} [32] 


= 1 — e~*/* cos [{ V1 — (t/r) — . . [33] 
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t=pyp=] acting on an instrument with a constant reading at the initial 
+ t/t)... [34] instant. 

With +r used as the time unit, the time scale is not uniform 

f>1,7>1 as in the normal case when the damping is varied for a system 

= 1— [v/(v — I) which is otherwise unchanged. This effect is liable to be con- 

+ (35) fusing unless it is properly interpreted. Therefore, the curves 


The general nature of these transients is so well known that 
it is unnecessary to include a detailed mathematical discussion. 
From an engineering standpoint, the important point is that 
a family of curves can be plotted with t/r as the independent 
variable and q,/q, as the dependent variable, each curve of the 
family being based on a constant value of ¢. Fig. 3 shows such 
a family of curves for values of ¢ between 0.2 and 2.4. These 
curves can be applied to instruments of any type which obey 
the original differential equation. A useful generalization which 
is apparent from an inspection of Fig. 3 is that the transient is 
substantially over in a time interval equal to three times the 
characteristic time, if the damping ratio is in the range between 
0.2 and 1. An example showing how the curves of Fig. 3 may 
be applied to practical engineering problems will be discussed 
later. 


Dynamic Errors DuE To a LINEAR CHANGE OF THE ACTUATING 
QUANTITY 


In many practical cases, the change in the actuating quantity 
can be approximated as a linear increase or decrease with time. 
Mathematically this is equivalent to using an expression 


as the forcing function. MV is the constant which can be ad- 
justed to make Equation [36] fit the physical facts as closely as 
possible. The complete solution for q,, as a function of time, 
depends not only upon the instrument and the forcing function 
but also requires that the initial conditions be specified. Out of 
an infinite number of possible choices, the case in which the 
reading is constant at zero, when the linear forcing function is 
applied, is most useful for generalized discussions of instrument 
performance. The case in which the initial reading is not zero 
but is constant at some other value may obviously be handled 
by a simple substitution of g — qo and g, — qso as variables to 
replace q and q,. The equations resulting from use of the 
forcing function gq = Mt and q, = 0, dq,/dt = 0 whent = O are 


q./Mr = t/r — 2g? + cos (Mize) (t/r) 
2 
+ sin *) | 
f 
q./Mr = t/r —2+e~/"(2 + t/r)......... [38] 
q./Mr = t/r—(v + 1)2/2v + [v(v + 1)/2(v— 1) P/F 
— 
E = 5 | [39] 


These equations have been made nondimensional by using 
the amount that the actuating quantity changes in one character- 
istic time as the unit of scale reading. By this procedure, the 
equations are simplified and a single family of curves will take 
care of all possible cases, involving a linear forcing function 


of Fig. 4 have been plotted for an instrument with constant 
undamped natural frequency and varying damping. By using 
the undamped natural period as the unit of time and the change 
of the actuating quantity occurring in a time interval equal to 
the undamped natural period, the distance associated with a 
given time interval or a given change in scale reading is the same 
for each one of the family of curves. This makes interpretation 
of the curves in terms of the physical facts somewhat simpler 
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than if Equations [37], (38], and [39] had been plotted directly. 
The curves of Fig. 4 show that, as the transient dies out, the 
instrument reading differs from the true instantaneous value of 
the actuating quantity by an amount which tends to a constant 
value of 2¢*Mr for oscillatory transients, 2Mr for the critically 
aperiodic case and [(v + 1)?/2v] Mr for the nonoscillatory case. 
This is an example of a steady-state dynamic error which is 
constant and corresponds to constant time lag in terms of 7’, 
units. Fig. 5 shows the curves of Fig. 4 plotted directly from 
Equations [37], [38], and [39]. The effect of damping on the 
characteristic time is shown by the expanded abscissa scale as 
the damping ratio is increased. 

Instrument engineering problems are usually concerned with 
the dynamic error rather than with the actual instrument read- 
ing at any instant. For generality, it is convenient to express 
the actual reading in terms of the correct reading at any instant. 
The correct reading will always be the instantaneous value of 
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the actuating quantity and in terms of Mr units is equal to 
t/r. It follows that 


= (q,/Mr)(1/(t/r) J... (40) 


The instantaneous value of the dynamic error, expressed as a 
fraction of the true value of the actuating quantity, will be 


Dynamic error = 1 — q,/g.............. {41] 


Curves showing the fractional reading and the dynamic error 
as a function of t/r for values of ¢ from 0.1 to 2.35 are plotted in 
Fig. 6. The use of this family of curves will be illustrated later. 


Sreapy-Srate Dynamic Errors Due To a SINUSOIDAL VARiA- 
TION OF THE ACTUATING QUANTITY 


Many practical situations may be represented in terms of 
periodic changes in the actuating quantity. In cases where the 
disturbance exactly repeats itself, a Fourier series of sines or 
cosines will accurately describe the physical facts. Even if 
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this condition is not precisely fulfilled, satisfactory results can 
often be obtained by the use of a sinusoidal forcing function to 
find the corresponding steady-state solution of Equation [24]. 
Thus if the forcing function is 


the steady-state solution as found by conventional methods (5) 
can be written as 


1 
= si 
V (1 — 62)? + (258)? 
In Equation [43] 


w, = 2xn, = 2x/T, = circular forcing frequency..... [44] 
8B = w,/w, = frequency ratio.............. [45] 
= tan—! (2¢8)/(1 — 6?) = lag angle...... [46] 


The expression 
= = 1/0 (1 — 8B)? + (2¢8)? = amplitude ratio. . [47] 


is very useful in connection with instrument problems involving 
periodic changes. A family of curves of u against 8 is given in 
Fig. 7. Practical instrument problems usually involve values of 
the frequency ratio less than unity so only this range has been 
covered in Fig. 7. A family of curves showing the lag angle as a 
function of 8 for the same range as that of Fig. 7 is given in 
Fig. 8. 


GENERAL DESIGN OF AN INSTRUMENT TO MEET GIVEN 
SPECIFICATIONS 


The ideas previously discussed are particularly useful for 
translating performance specifications for an instrument into 
terms of mechanical details. In practice every instance will 
present problems requiring special treatment, but the general 
procedure can be illustrated by an example which might reason- 
ably occur as an actual case. This example will deal with the 
preliminary design of a recording pressure indicator for slow- 
speed steam engines or air pumps. Specifications start with the 
requirement that the instrument must be able to operate for 
reasonable periods of time under the conditions of pressure, 
temperature, vibration, etc., which exist in service. Beyond 
this necessity of satisfactory mechanical operation, the desired 
properties of the indicator can be defined in terms of static 
specifications and dynamic specifications. The specifications 
assumed for the present example are listed as follows: 


Static specifications: 

Range—20 lb per sq in. below atmospheric pressure to 160 lb 
per sq in. above atmospheric pressure 

Scale sensitivity—50 lb per sq in. per in. (constant over range) 

Calibration error—2 lb per sq in. (maximum) 

Environmental error—1 per cent of range per 10 C temperature 
change 

Uncertainty—1 per cent of range (maximum). 


Dynamic specifications: 

Step function—Indicator must give reading within 10 per cent 
of actual pressure, 0.05 sec after sudden pressure change 
(qs/Qa between 0.90 and 1.10; ¢ = 0.05 sec) 

Linear change—Gage must follow pressure increasing linearly 
with time with dynamic error of less than 10 per cent at end 
of range, when pressure change is such that range would be 
covered in 0.07 sec (q;/qa between 0.90 and 1.10; t = 0.07 sec) 

Sinusoidal change—Gage must follow sinusoidal pressure changes 
with maximum frequency of 4 cycles per sec within an ampli- 
tude error of less than 10 per cent and a phase-angle lag of 
less than 10 deg (u between 0.90 and 1.10; o less than 10 deg). 


Static specifications determine several of the indicator proper- 
ties. The range of 180 lb per sq in. and scale sensitivity of 50 
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Ib per sq in. per in. require a scale length of 180/50 = 3.6 in. 
The pressure-sensitive element and the indicating system must 
operate over the range and have a spring-stiffness constant within 
2/180 = 1.1 per cent if the calibration-error specification is not 
to be exceeded. 

The idea of using sensitivities associated with the component 
systems of an elementary instrument, as developed (4), is useful 
in laying out preliminary designs. In the present case of a 
pressure indicator, the converter can be taken as the system 
which receives pressure changes and produces changes in the 
position of some mechanical part which can be used to operate 
the indicating system. The corresponding sensitivities are 


Converter sensitivity = S, 


small change in position of converter output element 


[48] 


small change in applied pressure 
Indicating-system sensitivity = S, 


small change in index position 


small change in element connected to converter 


From (4) for a direct-reading instrument 


The converter of the indicator could be a spring-and-piston 
system, working in a cylinder, a metallic bellows, a diaphragm, 
a Bourdon tube, or any other means for converting pressure 
changes into mechanical displacements. If a spring-and-piston 
system is chosen as the converter with a converter sensitivity 
of 0.001 in. per lb per sq in., the necessary indicating-system 
sensitivity can be found by use of Equation [50], and the specified 
scale sensitivity as 


S; = 1/S,S, = 1/(0.001)(50) = 20 in. per in...... {51} 


Uncertainty is the result of imperfections in the indicator 
mechanism and the width of the recorded line. In the present 
case, the recording point must produce a line so fine and the 
mechanical details be so well worked out that the maximum 
uncertainty is plus or minus 1.8 lb per sq in. 

The difficulty of meeting the environmental-error specification 
can be reduced by establishing calibration conditions as near 
actual service conditions as possible. In case the indicator 
temperature varies widely in service, it might be necessary to 
introduce differential expansion elements to reduce the effect of 
temperature upon the instrument readings. A problem of this 
nature must usually be handled by special methods to suit given 
cases. 

Dynamic specifications determine the instrument characteris 
tics r and ¢. Theoretically, there is an infinite number of 
characteristic combinations which will satisfy the dynamic 
specifications. Practical mechanical considerations will deter- 
mine the particular combination to be selected. For an engine 
indicator, as in many simple instruments, no benefit is to be 
gained by using a damping ratio in excess of unity ({ = 1). On 
the other hand, values of the damping ratio less than 0.1 (¢ < 0.1) 
will permit excessive natural-frequency components in the index 
motion. 

With these facts in mind, it is reasonable to survey the range 
of possibilities by selecting damping-ratio values of 0.2, 0.5, 0.7, 
and 1 for trial purposes. The dynamic specifications will then 
place limiting values on the ordinates of Figs. 3, 6,7, and 8, 9 
that critical values of t/r can be found for each value of the 
damping ratio. The spring stiffness of the mechanism has 
already been determined by the value of S,. From the stan¢- 
point of design it is often desired to find the maximum permissible 
inertia or mass of the instrument parts. For a constant value 
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of the spring stiffness, this means that the natural undamped 
period of the system will be a maximum. For a given damping 
ratio, the characteristic time is proportional to the undamped 
natural period, so the general problem can be resolved into finding 
the minimum value of ¢/7 for which the dynamic-error speci- 
fication is not exceeded. For steady-state sinusoidal changes, 
a minimum value of the frequency ratio 8 corresponds to a 
minimum value of t/r for the other cases. 

Table 1 gives a summary of the numerical work required to 
solve the problem discussed in the preceding paragraphs. For 
low values of ¢ where oscillation is noticeable, the minimum 
value of t/r must be selected so that the specified ordinate limits 
are not exceeded for any greater value of t/r. For example, 
in Fig. 3 the curve for ¢ = 0.2 crosses the 10 per cent error line 
several times, but the critical value is the last crossing at t/r = 
2.1. 


TABLE 1 SUMMARY or, NUMERICAL WORK USED TO SOLVE 


YPICAL PROBLEM 
(a) Step-function a (Fig. 3) 
t= 0.05 = 0.90 — 1.10 


05 
(t/r)crit Terit = 
0.2 3.3 0.0238 
0.5 2.3 0.0217 
0.7 1.8 0.0278 
1.0 3.8 0.0131 


(b) Linear-pressure-increase analysis (Fig. 6) 
t= 0.07 qs/qa = 0.9 — 1.10 


(t/r)erit Terit = 
t/r crit 
0.2 0.7 0.1000 
0.5 5.0 0.0140 
0.7 10.0 0.0070 
1.0 20.0 0.0035 


(c) Frequency-response analysis (Figs. 7 and 8) 


w Ty = 0.258sec = 090 —1.10 10deg 
Frequency Phase a 
criterion, criterion, Critical, 

Berit Berit Tr Terit 
0.2 0.32 0.375 0.0800 0.0638 
0.5 0.47 0.175 0.0440 0.6140 
0.7 0.72 0.125 0.0308 0.0070 
1.0 0.33 0.082 0.0207 0.0033 


TABLE 2 SUMMARY OF sE INSTRUMENT DESIGN 
ST 


(Determined by minimum value of r from a, b, ¢, Table 1) 
NNimin) (cycles Critical 


ig Tmax Thies per sec) specification 
0.2 0.0238 0.0299 33.5 Step function (a) 
0.5 0.0140 0.0440 Phase angle (c) 
0.7 0.0070 0.0308 32.5 Linear change (b) 
1.0 0.0033 0.0207 48.3 Phase angle (c) 


Values of ¢ and 7, which meet the dynamic specifications are 


listed in Table 1. In order to satisfy all the conditions, the 
shortest characteristic time required for any of the three forcing 
functions with a given value of ¢ must be chosen. Table 2 is a 
summary of the critical conditions established in Table 1. The 
critical values of the characteristic time have been converted into 
values of undamped natural frequency and undamped natural 
period by the relation 


From Table 2, it is seen that, for low values of the damping 
ratio, the step function establishes the critical condition, since 
the low damping permits several natural-frequency oscillations 
before the reading will remain below the specified error limit. 
As the damping ratio is increased, the transient component of 
the step-function response becomes of reduced importance, 
while the steady-state time lag for the other two forcing func- 
tions is increased. In the present case, the steady-state time lag, 
during a linear change, and the phase-angle lag for a sinusoidal 
change introduce limitations which are almost identical. 
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In general as the steady-state-lag specifications are made 
more severe (specified lags are made smaller), the required un- 
damped natural frequency is increased for a given value of ¢, or 
the damping ratio must be decreased for a given natural fre- 
quency. For the step function, the reverse is true, since the 
response to such a change is more accurate, as ¢ is increased to 
about 0.7. It follows that the characteristics selected for an 
instrument must be a compromise between conflicting trends. 
In many cases, it is mechanically easier to construct an instru- 
ment with a low rather than a high undamped natural frequency. 
This will probably be true for a spring-and-piston engine indicator 
like that of the present discussion, so the results summarized 
in Table 2, which are based on the assumption of a critical lower 
limit to the undamped natural frequency, represent at least one 
reasonable engineering solution to the original problem. It 
follows that an indicator with a damping ratio of 0.5 and a 
characteristic time of 0.0140 sec will be satisfactory. The corre- 
sponding undamped natural frequency will be 23 cycles per sec. 

After an analysis of dynamic performance has been carried 
out along the lines suggested in the foregoing discussion, it may 
be found very difficult to obtain the required characteristics in 
practice. For example, an engine indicator would probably 
not have a damping ratio of 0.5 without including some special 
damping system in the mechanism. In such a case, the original 
specifications must be relaxed or the expense of building a more 
than usually complicated instrument accepted. It is evident 
that the dynamic-error specifications, which can actually be 
fulfilled by a given indicator, may be found by using the dynamic- 
performance curves in a process which reverses the method — 
described. 
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Discussion 


K. J. DeJunasz.‘ This paper represents a noteworthy en- 
deavor to coordinate the scattered information on the dynamic 
behavior of instruments into a coherent whole and make it more 
readily available and understandable for students and practicing 
engineers. In view of the magnitude of the task, it is no de- 
traction from the value of this paper to state that this objective 
has been only partially attained. The following remarks are in- 
tended to complement the paper in some respects and to call at- 
tention to some aspects in which further elucidation would be de- 
sirable. 

The title of the paper suggests a broader scope than is actually 
the case, as the treatment does not include discussion of seismo- 
graphic-type instruments which depend for their function on a 
low natural period of the actuating member, such as seismo- 
graphs, vibrographs, and torsiographs. A more detailed treat- 
ment of Coulomb friction and backlash also would be desirable, 
as these enter into the functioning of most engineering instru- 
ments. 


‘Professor of Engineering Research, The Pennsylvania State 
College, State College, Pa. Mem. A.S.M.E. 
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The writer questions the usefulness of the concept of “time lag’’ 
when dealing with transient changes. The “lag angle’’ in meas- 
uring a sinusoidally varying actuating quantity is a well-estab- 
lished and useful concept. The time lag of a transient change 
has no meaning in cases in which the scale reading cannot follow 
rapidly enough the increase and decrease of the actuating quan- 
tity, hence, some values of the actuating quantity are not indi- 
cated at all by the scale reading. Furthermore, it may happen 
that a scale reading is shown before the actuating quantity at- 
tains the corresponding value, i.e., the time lag is negative. This 
would be tantamount to saying that the instrument knew before- 
hand, and predicted what was going to occur in the future, which 
is of course absurd. Therefore the writer suggests that the con- 
cept of time lag be dropped altogether when dealing with transient 
changes, and the performance of the instrument be characterized 
solely by the ‘‘dynamic error,” i.e., the difference between the 
actuating quantity and the scale reading at a given instant, which 
has a real meaning in all cases. Attention should be focused on 
the concept of “maximum dynamic error,” i.e., the maximum 
difference between actuating quantity and scale reading. 

It would be highly desirable to elucidate the various abstract 
concepts. 

As examples, the writer suggests: 

(a) The undamped natural period of an instrument is equal 
to the period of a simple pendulum having a mass equal to that of 
the instrument, and a length equal to its static deflection under 
its weight. 

(b) The maximum dynamic error decreases with the decrease 
of the natural period. 

(c) The critical damping is brought about by a damping force 
which is just sufficient to dissipate the potential energy of the in- 
strument. 

Possibly these definitions could be further elucidated or im- 
proved, in order to reduce to the minimum the mental effort neces- 
sary for their understanding. 

The writer cannot call to mind any instrument in which the 
concept of “error after the elapse of a given time” would be of 
advantage, or could be stipulated in advance. In most cases 
the requirements are as follows: 

(a) That the natural period and damping be as low as possible. 
This is the case with engine indicators, in which the “maximum 
error” is proportional to the natural period, and the superimposed 
waves can be allowed for by simple inspection, or more accurately, 
deducted from the curve by graphical differentiation. An un- 
certain amount of damping (or friction) is far more difficult to 
take into account. 

(b) That the damping be the lowest causing the instrument 
to “dead-beat,” i.e., critical damping. This is the case with 
quick-weighing scales, in which the overshooting of the pointer 
is prevented by a dashpot. In such cases it is farfetched to 
stipulate, and hardly feasible to design in advance, a definite 
damping ratio. Such dashpots are designed by a rough advance 
calculation, relying on the fortunate fact that the final adjustment 
can be readily made by means of a needle valve. 

In view of the ever-increasing importance of instrumentation, 
and corresponding attention given to the theory and design of 
instruments, further investigations in this field are greatly to be 
desired, and the authors’ paper is welcomed for stimulating 
thought in these problems. 


E. 8. Smiru.’ Figs. 7 and 8 and their context, dealing with 
“steady-state dynamic errors due to a sinusoidal variation of the 
actuating quantity,” offhand appear to this writer to comprise the 


5 Patent Agent, C. J. Tagliabue Mfg. Co., Brooklyn, N.Y. Mem. 
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novel portions of the paper and as such should be useful to engi- 
neers working in this art. Nothing that appears anywhere in 
this discussion is to be taken as minimizing the value of the 
authors’ contribution which unquestionably involved the ex- 
penditure of a considerable amount of effort with a correspond- 
ing reduction in the work which others in this special field must 
do. 

The treatment is not in fact general, as stated in the summary, 
since it is not applicable to common servo-operated measuring 
and controlling instruments which move at constant speed from 
one position to the next or are intermittently actuated; instead, 
it seems to be limited to a special (lineal-law) sort of self-operated 
meter. The treatment does not fit even the ordinary flowmeter 
which responds to a differential pressure which increases with the 
square of the velocity of flow. 

The terminology of the paper unfortunately differs radically 
from any of those in common use in this country. The American 
Society of Mechanical Engineers’ Committee on Industrial In- 
struments and Regulators is endeavoring to develop an authorita- 
tive and generally acceptable terminology which should do much 
to lessen the effort required in digesting papers such as this one, 
in which the points of possible originality may be obscured by 
unusual expressions. 

As to discussion in the present paper, of papers (2, 3) by Fair- 
child and the writer and the use of the term “dead zone”’ in 
paper (3), it is regretted that such discussion was not made as 
such, at the time the papers in question were presented, so that 
the usual closure could have covered it adequately. In view 
of such belated discussion, the following brief answer may be in 
order: The papers were presented with controlling (or regulating) 
as well as measuring in mind, and the treatment of measuring in- 
struments was intended to be suitable for the metering portions of 
controlling (or regulating) instruments. They were presented 
to cover the basic theory involved in an introductory manner and 
with the use of the unavoidable minimum of mathematics; how- 
ever, such papers are believed to be more than mere ‘‘classifica- 
tions’ and to cover much of the material in the present paper. 

In this paper, the use of numerous Greek letters and the presenta- 
tion of lengthy mathematical restatements of generally known 
material are objectionable, in so far as they exceed a reasonable 
requirement of completeness. However, such repetition may be 
defensible as making such material more readily available to 
mechanical engineers. 

The term ‘dead zone” was intended by Fairchild and the 
writer to cover the maximum disturbance of the measured vari- 
able which cannot affect the meter and, hence, alter the position 
of a controller, instead of referring to the error of a particular 
reading. Such a definition of this expression still appears to be 
substantially correct, with usual ratios of starting friction to run- 
ning friction, although an attempt was made to attain clarity 
rather than to sponsor an unassailable definition. 

The DeJuhasz treatment of the engine indicator in his book‘ 
on that subject appears to the writer to be essentially similar 
to that of the present authors on the linear change of the actuating 
quantity, although it includes a more limited treatment of the 
amplitude of the response with sinusoidal variations with, off- 
hand, no treatment of lag in such case. 

The authors might well test the usefulness of their two criteria 
on the design of a commercially needed, reliable, and accurate 
pressure indicator for hydraulic transmissions of the multiple 
piston type using, e.g., a working pressure of about 1500 |b per 
sq in., a frequency of 12,000 cycles per min, and an unsymmet- 
rical wave form (rounded tops and V-troughs). 


¢**The Engine Indicator,” by J. K. DeJuhasz, Instruments Pub- 
lishing Company, Pittsburgh, Pa., 1934. 
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AvutTuors’ CLOSURE 


Professor DeJuhasz and Mr. Smith have based their major 
criticism upon their opinions that the principles discussed in the 
paper could not be applied to instrument problems of certain 
types and have advanced examples to prove their claim. The 
authors feel that this criticism is due to a lack of understanding 
of the manner in which generalized reasoning in terms of non- 
dimensional variables can be applied to specific problems. When 
such a method is used, a large part of the mathematical work can 
be carried out once and for all to produce results in the form of 
curves which may be applied to any physical case described by 
the differential equation used as the basis for the analysis. To 
use such curves intelligently and to be able to handle cases which 
may fall outside the range of available plots, it is only necessary 
for an engineer to have a general understanding of the steps 
followed in order to obtain the final results. For this reason, 
the analysis has been presented in some detail at the risk of 
“lengthy mathematical restatements of generally known ma- 
terial.” It was the authors’ intention to offer the possibility of 
a saving in time and effort on the part of workers in the general 
field of instrumentation. 

In considering an instrument problem, it is only necessary for 
the practicing engineer to satisfy himself that the behavior of a 
given instrument can be described by a second-order differential 
equation with constant coefficients. When this requirement is 
fulfilled, ability to use the curves of the present paper will pro- 
vide an engineer with specific information directly applicable to 
many problems which could be duplicated from papers similar to 
references (2, 3), cited by Mr. Smith, only after many hours of 
detail work. Mr. Smith shows some recognition of this fact in 
his statement, “‘. . . such repetition may be defensible as making 
such material more readily available to mechanical engineers.” 

The particular objection of Professor DeJuhasz that the 
method of analysis described in the paper is not general, because 
it does not apply to the seismographic type of instruments for 
measuring vibration, is definitely unjustified. As a matter of 
fact, the method of analysis as presented was largely worked out 
during the design of a line of vibration-measuring equipment for 
aircraft which has been commercially available for some time. 
A detailed discussion of the manner in which the methods ex- 
plained in the present paper can be applied to vibration-measur- 
ing instruments was given by C. S. Draper and Walter Wrigley 
at the 1940 Annual Meeting of the Institute of the Aeronautical 
Sciences.’ 

Mr. Smith states that the method of analysis discussed in the 
present paper does not apply to the case of an instrument such 
as a flowmeter which involves a square law between the actuating 
quantity and the reading of an indicator which responds to pres- 
sure changes. As a matter of fact, the authors anticipated this 
objection by defining the sensitivities in terms of differential 
changes. Where nonlinear laws are required to express the re- 
lationship between the actuating quantity and the index position, 
the coefficients of Equation [8] are actually differential coefficients 
which can be treated as constants over small ranges of operation. 
The sentences, which follow Equation [8] in the paper, discuss 
the case in which the analysis will not produce accurate results 
due to variations of the coefficients with scale position. In 
Practice, the analysis has been found adequate to handle the case 
of dynamic errors in air-speed meters for aircraft when relatively 
‘mall fractional changes in speed are involved. The assumptions 
we similar to those used by electrical engineers in treating cir- 


Instruments for Measuring Low-Frequency Accelerations in 
Flight,” by C. 8. Draper and Walter Wrigley. Presented at the 
Meeting of the Institute of the Aeronautical Sciences, Jan. 25, 1940. 
“th published in an early issue of the Journal of the Aeronautical 


cuits containing vacuum tubes and are subject to the same limi- 
tation, namely, that the results will have increasing errors as the 
magnitude of the changes is increased. 

The contention that the analysis does not include the case of 
systems which contain servomechanisms is only partially correct. 
Actually, the courses on theory and practice of servomechanisms 
taught by Professors Hazen and Brown at the Massachusetts 
Institute of Technology use the same general method of nondi- 
mensional analysis as that described in the present paper. For 
analytical purposes it is convenient to consider any servomecha- 
nism as made up of a series of systems with 1 deg of freedom. 
Frequently, the analysis of the performance of a complete servo- 
system involves only a second-order differential equation. Even 
where equations of higher order than the second are required, it 
has been found helpful to use the ideas of damping ratio and un- 
damped natural frequency. The example of a servosystem of the 
relay type, as suggested by Mr. Smith, may be analyzed in a 
particularly simple fashion by use of the ideas discussed in the 
present case, but the method requires the application of a se- 
quence of forcing functions acting upon the individual 1-deg-of- 
freedom systems (elementary instruments) which make up the 
servomechanism. 

The criticism of the authors for failing to use a system of 
terminology which as yet has not been published cannot be given 
much weight. Surely it is granted that, until a system is unani- 
mously adopted, the opportunity to present the arguments in 
favor of one which has been evolved through many exhaustive 
tests should not be denied. The terminology used in this paper 
has been developed over a period of about 10 years by the stu- 
dents and teachers interested in instrumentation at the Massa- 
chusetts Institute of Technology and is certainly familiar to and 
endorsed by a considerable number of engineers who at present 
are working in the field of aircraft instruments and vibration 
analysis. The reason underlying development of the terminology 
has been the lack of a generally accepted system which could be 
applied to dynamic problems of any type. The authors’ system 
has facilitated the solution of many problems. Furthermore, 
the time and effort required to teach or to acquire a knowledge 
of instrument analysis have been reduced, as compared with the 
work required by an approach based entirely upon the contem- 
porary treatments available in the literature. 

The authors feel that the use of Greek letters in the list of 
symbols is a definite advantage in forming a systematic nomen- 
clature. The general scheme is to use Greek letters for nondi- 
mensional quantities and quantities with the dimensions of time, 
small Roman letters for variables or directly measured quantities, 
and capital Roman letters for undetermined coefficients. This 
system has certainly justified its use by reducing the time re- 
quired for an engineer to understand the results of the analysis 
from an unfamiliar project. 

The authors disagree with Professor DeJuhasz that the quan- 
tity defined as “time lag” is unimportant. Time lag is the es- 
sential design variable in any instrument which must disregard 
small instantaneous variations of a quantity and indicate an 
average value. For example, the artificial horizon used as an 
aircraft instrument must have a time lag of such magnitude that 
it will substantially disregard deviations of the resultant-force 
vector from the true vertical. The requirement of a short time 
lag in a rate-of-climb meter used for maintaining level flight is 
obvious. Another application of the concept of time lag occurs 
when an elementary instrument is used to detect changes in the 
physical quantity actuating an automatic control system, short 
time lag being essential in order to start the system functioning 
soon after a change has occurred. The importance of “error 
after the elapse of a given time” is also apparent in this case. 
The existence of a negative time lag, as suggested by Professor 
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DeJuhasz, is a physical possibility and is merely an indication 
that the elementary instrument is oscillating. 

The concept of time lag, as the term was used in the paper, 
is useful and should certainly be retained in any comprehensive 
system of instrument analysis. On the other hand, the term 
“time lag’’ appears to be unsatisfactory and should probably be 
replaced by other words to describe the same concept. Professor 
Brown of the Massachusetts Institute of Technology has sug- 
gested the term “response delay” to replace time lag. This term 
is descriptive of the concept involved and will be adopted by 
the authors for future work. 

A discussion of Coulomb friction and backlash effects as sug- 
gested by Professor DeJuhasz should certainly be included in 
any complete instrument analysis. One of the authors has in- 
cluded these effects in teaching instrumentation for some years. 
A reasonable generalized treatment would have been too long for 
inclusion in the paper. A study of Coulomb friction is included 
by Den Hartog in his book (5). 

The use of analogies has not been found particularly helpful. 
It is better to allow an individual to apply theoretical results to 
whatever electrical, mechanical, acoustical, hydraulic, or other 
system which he judges to be most readily understandable. For 
this reason, the authors have omitted any attempt to make par- 
ticular applications of the generalized results in a fashion which 
might be useful in explaining the theory to a given group of 
listeners. Mechanical analogies are readily accessible in books 
on mechanical vibrations, while electrical analogies are discussed 
in many electrical-engineering texts. 

The authors have had some difficulty in recognizing the use- 
fulness of the pendulum analogy suggested by Professor De- 
Juhasz, inasmuch as the mass of an instrument is largely case 
structure, which is not the mass of interest in this discussion. 
Furthermore the period of a pendulum is independent of the 
pendulum mass. Of course, any pendulum of a length equal to 
the static deflection of a 1-deg-of-freedom system will have the 
same period as the system, but the advantage of this type of 
analogy is open to question. 

The maximum dynamic error normally decreases with decrease 
of the natural period, but it is possible to show that this statement 
is not general. For example, if an instrument period is originally 
longer than the fundamental forcing frequency, reducing the 
natural period will cause the system to pass through resonance 
when the dynamic errors increase. 

The statement that the natural period should be as low as 
possible and the damping near critical is unnecessarily restrict- 
ing. One of the particular advantages of a generalized set of 
curves is that, when mechanical considerations limit the natural 
frequency which may be realized in practice, and hence limit 
8, a satisfactory instrument may be obtained by a suitable choice 
of the damping ratio. These considerations are clearly brought 
out by a study of Fig. 7 of the paper, and further by the follow- 
ing discussion of the instrument problem proposed by Mr. 
Smith. As noted in the paper, there is usually an infinite variety 
of combinations of 8 and ¢ which will satisfy specified instrument 
performance conditions. Therefore, it is the designer’s respon- 
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sibility to select that combination leading to the simplest and 
most reliable mechanical construction. 

The hydraulic pressure indicator, proposed by Mr. Smith as a 
design problem, cannot be analyzed by any methods without a 
full performance specification. The word “accurate” is not an 
engineering specification per se, it must include the acceptable 


numerical tolerance range. It is this lack of reduction of in- 7 
strument specifications to numerical terms that leads to many of J dw 
the instrument designer’s headaches. It is also not quite clear J abl 
whether Mr. Smith intended the quantity to be measured ac- J par 
curately as the mean steady working pressure or the instantaneous the 
variations of pressure throughout the cycle. If the latter were Jf lac! 
the problem in mind, the unsymmetrical wave form must be Jf erti 
broken down into a Fourier series. The predominant term will be J tho 
the fundamental frequency of 200 cycles per sec. To indicate J ics 
the pressure variations to any degree of accuracy whatsoever, an nicl 
instrument must respond to frequencies as high as the funda. § date 
mental, with an accuracy at least equal to the numerically speci- whi 
fied tolerance. When higher frequency components are present 
in the forcing function, the frequency range for linear response 
must extend to higher frequencies, if the response is to be a true 
picture of the forcing function. 
In the particular problem at hand, where higher harmonies 
will be present in the instrument forcing function and no numeri- § All c 
cal accuracy has been specified, a fundamental response accuracy  Venie 
of at least 5 per cent might reasonably be assumed. Further. JB With 
more, to avoid resonant magnification by higher frequency com- J '2 wl 
ponents, » (Fig. 7) must be kept reasonably close to unity by JF deper 
selection of a ¢ of approximately 0.6. From Fig. 7, a 8 of 0.25 In 
and a ¢ of 0.6 will fulfill the accuracy requirements for the funda- § fuel c 
mental up to the fourth harmonic and will record within 15 per JB used. 
cent accuracy. These harmonic components will undergo a & With 
phase shift which is linear with frequency within the frequency JB Whet 
range over which the magnitude response is satisfactory (Fig. § auton 
This means that the first four harmonic terms of the Fourier series JJ ‘on 
will be reasonably well recorded with respect to the magnitude, Sin 
and the shift along the time scale, due to phase shift, will be the J% rec 
same for all these components, thereby retaining the true wave JR ‘onsid 
form of the foreing function. For 8 = 0.25 a natural frequency [ /0 thi 
of the indicator of 800 cycles per see is necessary. It should bx format 
noted that the use of critical damping in this case would reduc throug 
the accuracy of amplitude recording, Fig. 2, of the paper. 
If the desired indicator were to measure the mean pressur 
only, then 8 must have some value in excess of unity. This © Ther 
similar to the case of a seismograph and has been covered if ‘0 m 
earlier papers.’ For an indicator reading to oscillate less thao J “Pans: 
5 per cent, any value of ¢ can be used if 8 is greater than 5 (natural J ntact 
undamped frequency is less than 40 cycles per sec). posite 
The methods of this paper permit the critical instrument cot utilized 
stants 6 and ¢ to be evaluated quickly. The problem of achie\- differen 
ing these constants in the instrument is the responsibility of th mechan 
mechanical designer, but it is certain that the desired respon adequat 
cannot be obtained unless the graphically obtained constants ‘J Ponent. 
and ¢ are actually realized in the completed indicator. HESS an 
8’ For example, reference (4), Fig. 5. 
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The use of thermostatic bimetals has increased rapidly 
during the last fifteen years. In this period, consider- 
able study has been given the subject. The present 
paper reviews the available information dealing with the 
theory and practice in the application of bimetals. A 
lack of essential data concerning various pertinent prop- 
erties of the material is indicated. Basic principles are 
thoroughly considered, as in the analysis of the mechan- 
ics by Professor Timoshenko and in the properties of 
nickel-iron alloys. However, a considerable fund of useful 
data is also presented in the form of curves and tables 
which give the properties of representative bimetals. 


INTRODUCTION 


URING the last few years, the demand for automatic 
D methods of control in regulating devices has expanded in 
proportion to the ease and comfort enjoyed by mankind. 
All concerned have increasingly realized the importance and con- 
venience of automatic regulation and the complete satisfaction 
with which it may be used. Many automatic regulating devices, 
in which temperature can be used for controlling the regulation, 
depend for their successful operation on thermostatic bimetal. 

In general, automatic control effects considerable savings in 
fuel cost. It also acts to safeguard the equipment on which it is 
used. Such equipment normally is left to operate unattended 
with full confidence that nothing is likely to happen to it. 
Whether in factory or home, whether to engineer or housewife, 
automatic control creates a peace of mind in our complex civiliza- 
tion which cannot otherwise be obtained. 

Since the use of thermostatic bimetal has so greatly increased 
in recent years and is so vital to much automatic regulation, 
considerable work has been done on its theory and application. 
In this paper, the authors present a review of the available in- 
formation on thermostatic bimetals which at present is scattered 
throughout numerous publications. 


DEFINITION OF THERMOSTATIC BIMETAL 


Thermostatic bimetal is a metallurgical product made from 
two metals which have widely different coefficients of thermal 
expansion and which have been firmly bonded at their face of 
contact. When subjected to a change in temperature, the com- 
posite material will change shape, which change of shape is 
utilized for control purposes. In addition to having widely 
different coefficients of expansion, the components must have 
mechanical properties suitable to minimize hysteresis and provide 
adequate strength. For example, lead cannot be used as a com- 
ponent. The two component metals are usually of equal thick- 
hess and joined together in a firm bond by brazing or welding. 


History AND MANUFACTURE 


_Thermostatie bimetals were known for many years as labora- 
wee of Research, Robertshaw Thermostat Company. Mem. 
AS.M.E. 

*Engineer in charge of materials, Edison General Electric Appli- 
ance Company, Inc. 

Contributed by the Committee on Industrial Instruments and 
egulators of the Process Division and presented at the Annual 
Meeting, Philadelphia, Pa., December 4-8, 1939, of THe AMERICAN 
‘ocieTy OF MECHANICAL ENGINEERS. 
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tory curiosities. Their first known application was in balance- 
wheel compensators, supposed to have been used as early as 
1775. As far back as 1858, Wilson obtained U. S. patent No. 
24,896 covering a thermostatic bimetal. In 1863, in France, 
Villarceau published an analysis of thermostatic bimetal in the 
Annales de L’Observatoire Imperial de Paris. Wilson’s patent 
covered a bimetal consisting of brass and steel and, since the 
difference in the coefficients of expansion of the two metals was 
not very large, the movement of the bimetal was so limited that 
its practical value was small. With the discovery by C. E. 
Guillaume in 1898-1899 of the low-expanding alloy known as 
“invar,” consisting of 36 per cent nickel and the remainder iron, 
a new impetus was given the work on bimetals. 

At the present time, the manufacture of bimetals is still an 
art rather than a science and the processes involved constitute 
closely guarded secrets. In one plant thermostatic bimetals were 
made by brazing two blocks of the component metals in a furnace 
in which a reducing atmosphere was maintained to prevent oxida- 
tion of the surfaces which were to be joined together. Sometimes 
blocks were used which were 1/2 in. thick, 4 in. wide, and 12 in. 
long. Prior to brazing, one of the blocks was machined on both 
surfaces to a thickness of exactly '/2 in., while the other block was 
machined only on one surface. While the blocks were being 
brazed in the furnace, they were subjected to pressure by means 
of a hydraulic press to obtain a sound joint. It was very im- 
portant to keep the metal surfaces clean before brazing. The 
blocks were usually kept in carbon paper, which prevented their 
oxidizing. 

After the brazing operation, the exposed unfinished side of 
one of the blocks was machined to produce a total thickness of 
exactly 1 in., thereby assuring that each component was of equal 
thickness before reduction by rolling. The blocks were then 
rolled down to the desired thickness, annealing being required at 
a number of stages. Special rolling mills were used for this work 
and those in the last stages needed to be extremely accurate to 
finish the product to within very close tolerances. 

In general, the thickness variation of bimetals cannot ex- 
ceed plus or minus 0.001 in. for thickness above 0.040 in. and 
plus or minus 2'/; per cent below this thickness. These close 
tolerances are necessary to obtain uniform performance since the 
thickness enters into the deflection equation. 

It is interesting to note that, in most cases, the final thickness 
of each component is very close to '/: of the total thickness, 
even though in some bimetals the hardness of the separate com- 
ponents differs materially. 

During the rolling processes, it is necessary to anneal the strips 
a number of times which it has been found most convenient to 
do by heating the strips electrically in the flat condition. 


PROPERTIES OF INVAR AND RELATED ALLOYS 


As defined, thermostatic bimetals consist of two metals, hav- 
ing widely different coefficients of thermal expansion, which are 
joined together at their surfaces. The effectiveness of a given 
bimetal will depend upon the difference in thermal expansivity 
of the two components. Although numerous alloys now on the 
market have varying degrees of high expansivity, there are only 
a few alloys with thermal expansion sufficiently low for com- 
mercial use in bimetals. 

In making a study of the iron-nickel series, Guillaume dis- 
covered that some of these alloys possessed low expansivity at 
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ordinary temperatures, the composition corresponding to mini- 
mum expansivity being in the vicinity of 36 per cent nickel. This 
alloy maintained its dimensions so nearly constant with ordinary 
variations in atmospheric temperature that he gave it the ap- 
propriate name “invar.” 

Since Guillaume’s work, the entire iron-nickel series has been 
so explored that the engineer can now use an alloy with any 
desired coefficient of linear expansion between zero and that of 
nickel. With such a range of low-expansion alloys available, 
the development of bimetals followed as a matter of course. 
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Fie. 1 True Coerricient oF LinEAR Expansion aT 20 C or 
Typricat Nicket-Iron ALLoys, ConTAINING 0.4 PER CENT 
MANGANESE AND 0.1 Per Cent CaRBON (GUILLAUME) 


In Fig. 1, the coefficient of linear expansion at room tempera- 
ture of iron-nickel alloys is plotted against nickel content (1).* 
The composition corresponding to the minimum point on the 
curve is that of invar. As the nickel content varies from the 
invar point the expansion coefficient increases continuously but 
not uniformly. Fig. 1 is representative of typical alloys con- 
taining 0.4 per cent manganese and 0.1 per cent carbon which 
have been cooled in air after being hot-rolled. The point on 
the left edge of the grid shows the value of the coefficient of ex- 
pansion of pure iron as 11.9 X 10~° per C, while on the right 
edge is the point giving the value of pure nickel as 13 X 10° 
per C. The dotted line on the curve connecting the values of the 
coefficients for pure iron and pure nickel, represents the theoreti- 
cal results obtained from the law of mixture in a condition stable 
at low temperatures. However, the true coefficients of the vari- 
ous mixtures are far from following this law, as the curve shows. 

The point of low expansivity shown in Fig. 1 holds true only in 
an alloy in which the proportion of elements other than iron and 
nickel are also fixed, as has been stated. The position of the 
minimum is changed considerably when other elements are present. 

Fig. 2 shows the change in the expansivity of nickel steels pro- 
duced by the addition of 1 per cent manganese or chromium.‘ 
The solid curves give the change in the expansivity due to the 
addition of the foregoing elements, while the dotted curve gives 
the actual expansivity of nickel steels. The effect of these ad- 
ditions is to increase the expansivity of invar very considerably. 

All thermal or mechanical treatment given such an alloy 
changes its expansivity. When such an alloy has been heated 
and then slowly cooled, its expansivity rises. However, its ex- 
pansivity falls if the cooling has been rapid. When such an 
alloy is cold-rolled or drawn, its expansivity will decrease still 
more. By first quenching and then drawing a rod to the 
limit, it is possible to reduce the expansivity to such an extent as 
to reach a negative value. Reheating at 100 C for several hours 
brings the value up to substantially zero. However in processing 
invar for bimetal applications, advantage is not taken of this prop- 
erty, since reheating to higher temperatures will cause its ex- 
pansivity to revert to the higher minimum. 


* Numbers in parentheses refer to the Bibliography. 
4 Bibliography (1), Fig. 24, p. 38. 
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In Fig. 3 are reproduced curves showing the variation of the 
true coefficient of linear expansion with temperature for nickel 
steels varying in composition from 33.8 per cent nickel to 64.8 
per cent nickel. The values of the coefficient of expansion are 
plotted against temperature. The curves show invar (35.4 per 
cent nickel) to be the most desirable for temperatures from 100 
to 300 F. From this point up, the coefficient of expansion greatly 
increases, thus making such an alloy useless for bimetal applica- 
tions at higher temperatures if uniform rates of movement are 
desired over the entire range. Fig. 3 also shows that the alloy 
of 42 per cent nickel, although having a considerably higher 
coefficient of thermal expansion than some other alloys at room 
temperatures, develops only a slight increase in the coefficient 
with an increase in the temperature and maintains a uniform coef- 
ficient over a rather wide range of temperature. It has been 
found that alloys of 40 and 42 per cent nickel are particularly suita- 
ble for bimetals operating in the medium and high temperature 
ranges and they are used extensively for this purpose. 

In an attempt to explain the expansion anomaly of invar sey- 


56 
52 
48 


4 


40 
36 


an 


\ 


0.830 34 36 42 46 50 54 
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Fie. VARIATION OF TRUE COEFFICIENT OF LINEAR 
Wits TEMPERATURE IN VARIOUS NICKEL STEELS (CHEVENARD 


eral theories were evolved. Some of the earlier views attribute 
the nonexpansion to an inner molecular change. Another theo 
expressed the view that the nonexpansibility was caused by ™ 
high nickel content bringing the temperature of the A; tr 
formation to the vicinity of room temperature, which made ™ 


* Bibliography (1), Fig. 28, p. 44. 
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transformation of y into a progressive. However, it was shown 
that the position of Ac; for 36 per cent nickel is about +400 C and 
that of Ars; about —100 C, thus making impossible an equilibrium 
at ordinary temperature and the invar would be in a decidedly 
unstable condition. 

Benedicks (2) in developing a theory for the expansion of invar, 
reasoned that the alloy was in reality a two-phase system instead 
of being homogeneous. He proved his theory by a careful micro- 
study of the alloy which led him to four conclusions: 

1 Strictly local, deep-etching spots occurred 
throughout the metal. 

2 These spots were often more concentrated at definite places, 
at which points considerably more iron goes into solution. 

3 In an unetched surface, a darker, finely divided structure 
could be made visible in red light. 

4 The deep-etching spots of invar presented the same general 
characteristics as those observed in a larger proportion in a 30.5 
per cent nickel alloy where a two-phase microstructure was al- 
ready known to occur. 

From the foregoing evidence, Benedicks concluded that invar 
possessed a duplex structure. As he was certain that invar con- 
tained two phases, he reasoned that, since every transformation 
between two phases requires a definite time for its completion, 
by heating invar quickly, sufficient time would not elapse for the 
transformation between the two phases to take place. In that 
event, the initial expansion would be a normal one and the 
coefficient would lie between that of iron (12 X 10°) and that 
of nickel (13 X 10~-§). However, when sufficient time is allowed, 
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Fic. 4 Expansion Hysteresis OF INVAR (BENEDICKS) 


the change caused by the two-phase transformation will become 
noticeable. In other words, since invar is a two-phase alloy, quick 
heating should show a thermal hysteresis, while if invar were a 
one-phase alloy, no thermal hysteresis would be detected. 
Consequently, the high-expansion coefficient should be expected 
‘0 occur at quick temperature changes if the alloy had two 
phases. 

To prove his theory, Benedicks conducted an experiment in 
which the thermal expansion of invar was measured as a function 
f{time. He developed special equipment whereby measurements 
of expansions were made with an apparatus which amplified the 
movement 14,000 times, time being measured simultaneously. 

Fig. 4 shows the results of Benedicks’ experiments. As ex- 
pected, the thermal hysteresis was very pronounced. For a given 
‘mperature change (42 C), a sample of invar wire had an initial 
*xpansion coefficient of 13 X 10~* or about the normal value for 
ton or nickel. The coefficient then diminished continually until, 
ater 3 min heating, a considerable contraction had set in. Due to 


‘Bibliography (2), Fig. 63, p. 141. 
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this, the resulting length diminished so much after a lapse of about 
11 min as to give an expansion coefficient of 0.2 X 10-* to 0.6 X 
10-*. This is the same magnitude established for invar by pre- 
vious workers (0.4 X 10~§). 

In other words, invar upon heating first expands the same av- 
erage amount as the separate constituents would expand for the 
same temperature change and then, after a lapse of a few minutes, 
contracts to show a coefficient of expansion considerably less than 
that of the two elements. 

In applications of thermostatic bimetals where rapid rates of 
heating or cooling are encountered, this temperature-time 
hysteresis of invar may affect the deflection of bimetals by an ap- 
preciable amount. The present methods of testing bimetals re- 
sult in data giving the “static” (constant-temperature-deflection) 
properties only. In order to detect this hysteresis effect, a 
“dynamic” (temperature-time-deflection) test must be used. 


SumMMARY OF PROPERTIES OF INVAR 


Invar is a nickel steel made either in the open hearth, crucible, 
or electric furnace, containing about 36 per cent nickel, 0.1 per 
cent carbon, and 0.5 per cent or less of manganese with negligible 
quantities of sulphur, phosphorus, and other elements. 

It can be forged, rolled, turned, filed, and drawn into wire. It 
is very strong and ductile and takes a high polish, giving an ex- 
cellent surface on which extremely fine lines may be ruled. It is 
generally ferromagnetic but becomes paramagnetic in the 
vicinity of 165 C, 

Some of the physical properties of invar in the hot-rolled or 
forged conditions are given in Table 1 (3). 


TABLE 1¢ 


PHYSICAL PROPERTIES OF INVAR 


1425 C (2600 F) (melts sharply) 
8 g per cc 

65000-85000 Ib per sq in. 
40000-60000 Ib per sq in. 
20000-30000 Ib per sq in. 

Scleroscope hardness...................19 


60 
Modulus of elasticity in tension. . .. 21400000 Ib per sq in. 
Thermoelastic coefficient? (thermal 

coefficient of Young's modulus)....... 500 X 10-* per C 
Electrical resistance.................. 75-85 microhm-cm 


Thermal coefficient of electrical resist- 


cific heat between 25-100 C......... 0.123 cal per g per C 
7 ermal conductivity 20-100 C.. ...0.025 cal per sec per cm? per cm 


thickness per C temperature 
difference 
Linear coefficient of expansion (an- 


1.7 X 10-* per deg C 


a (3). 
. G. Brombacher (21) gives 480 K 10~* per C, in range —50 to 50 C. 


The amounts of carbon, manganese, and chromium present 
appear to exercise considerable influence on the expansion. 
Above 200 C, the expansion of invar is nearly that of steel. 


MATERIALS FOR H1GH-EXPANDING SIDE 


It has been pointed out that commercially useful bimetals must 
consist of two metals having widely different coefficients of 
thermal expansion. In the previous section, the properties of 
low-expansion alloys have been described in detail. Materials 
for the high-expansion side, in addition to having a high coef- 
ficient of expansion, should have good brazing or welding proper- 
ties, should develop high elastic properties as a result of cold- 
working, and should have high heat-resisting properties. 

Initially, brass used in combination with invar resulted in a 
satisfactory bimetal for low-temperature applications up to ap- 
proximately 300 F. Further development led to the adoption of 
monel for high-temperature bimetals, but the deflection constant 
when using monel was rather low. To meet the requirements for 
high-temperature, high-deflection bimetals of good constancy, 
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various nickel-chrome alloys have been adopted for the high- 
expanding side. Representative analyses contained from 18 to 
27 per cent nickel and from 3 to 11 per cent chromium, 

Developments in high-temperature bimetals have been mainly 
in connection with the high-expanding side. Most of the patents 
taken out recently on bimetals of improved properties cover 
modifications of the high-expanding side made to obtain the de- 
sired performance. 


MEcHANICS OF THERMOSTATIC BIMETALS 


Efficient and economical design of elements of mechanisms 
requires, first, the knowledge of stresses to which these elements 
will be subjected under various conditions of service; and second, 
data giving the physical properties of materials which may be 
used for these elements. This is particularly the case when con- 
trolling or indicating devices are designed, employing thermo- 
static bimetals, since thermal and residual stresses are present 
in bimetals in addition to the mechanically induced stresses. 
Where cost may be a primary consideration, the size of bimetal 
elements has to be considered, since bimetals are relatively ex- 
pensive due to the involved fabrication processes. Consequently, 
a knowledge of the properties of bimetals and an understanding 
of the stress conditions in sensitive elements made of this ma- 
terial are essential to the most advantageous use thereof. 

The first experimental investigation known to the authors of 
the thermal properties of bimetal strips was made in the labora- 
tories of the General Electric Company. The results of this in- 
vestigation, published in 1920 (4), were that: 

(a) For strips, the deflection with change in temperature is 
given by the relation 


1 
{1] 
where D = deflection 
T.— T,; = change in temperature of the strip 
L = length of strip 


= thickness of strip 


~ 


The relation given by Equation [1] is in agreement with more 
recent investigations and theory. 

(b) The deflection is not affected by changes in width of the 
strip. Later investigations showed this to be generally true if 
the width of the strip is less than 20 times its thickness. If the 
width of the strip is greater than this ratio, cross buckling may 
take place, reducing the deflection of the strip. 

(c) The force exerted by the strip varies as the square of the 
temperature difference and is not affected by changes in length, a 
conclusion which is erroneous. A simple analysis of the me- 
chanics involved, using the relation of Equation [1], requires that 
the force vary directly as the change in temperature, inversely as 
the strip length, directly as the square of the thickness, and 
directly as the width. 

In 1925, S. Timoshenko published a complete analysis (5) of 
the mechanics of thermostatic bimetals. In this analysis, he 
developed, in a clear and concise manner, the equations giving 
the change in curvature of a bimetal strip upon a rise in tempera- 
ture. The relative effects of variation in the thickness of the 
two components of the bimetal strip and the difference in the 
values of their moduli of elasticity were shown; equations being 
derived for thermal stresses in heated bimetallic strips. In 1934, 
T. A. Rich presented a similar analysis (6), using a well-planned 
group of diagrams for visualization of the stress conditions which 
produce a change in curvature of a bimetallic strip upon an in- 
crease in its temperature. The following analysis of the mechanics 
of bimetals follows closely the analysis of Timoshenko (5). 
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The method of visualization (6) introduced by Rich has been 
used in a modified form in Fig. 5 to show the effect of expansion 
stresses in the two components of an invar-brass bimetal strip on 
its curvature when heated from a temperature 7 to a tempera- 
ture T;, Assuming that the two separate components of the strip 
are of the same length at some temperature 7',, the lengths wil] 
increase in both cases when the temperature is raised to 7%, 
The invar will increase in length only slightly, while the brass 
will expand considerably. Next, the lengths of the two com- 
ponents are equalized by elongating the invar strip with the 
tensile forces P;, and compressing the brass strip with oppositely 
applied compression forces P2. While under the action of these 
two sets of forces, the two separate strips are joined over their 
surfaces by either brazing or welding. The bimetal strip thus 


| 
INVAR [ 
TEMPERATURE T, 
prass 
| 
(B) TEMPERATURE T, 
(C) _} = P, 
Pe — Pp 2 
% 


Fic. 5 Diagrams or Forces Wuich Propuce CHANGE IN SHAPE 
oF BIMETAL Strip Upon HEATING 


formed will be straight as long as it remains under the action of 
the forces P; and P: applied at the ends. Upon the removal of 
forces P; and P2, the strip will assume the form of an arc of 4 
circle due to the action of internal moments M, which, in the 
straight strip, were balanced by external moments of the same 
magnitude, resulting from the forces P; and P2. 

The expression for the radius of curvature of a bimetallic strip 
subjected to a temperature rise of T, —- 7, deg can be obtained 
from the condition that, at the joint of the two components of the 
strip, the unit elongation is equal in each of the components. 
The following derivation will be carried through on the basis 
that the thicknesses of the two components are not equal, which 
makes it possible to determine the effect of differences in the rela- 
tive thickness of the components. The width of the strip will be 
taken equal to unity, since, within certain limits, the width does 
not affect the deflection. The following notation will be used: 


P = force 

M = moment of force 

a = coefficient of expansion of component having low e 
pansion 

a, = coefficient of expansion of component having high & 
pansion 

a, = thickness of the low-expansion component 

a, = thickness of the high-expansion component 

E, = modulus of elasticity of the low-expansion component 

E, = modulus of elasticity of the high-expansion component 

J, = moment of inertia of the low-expansion component 

I, = moment of inertia of the high-expansion component 

t total thickness of strip 


p = radius of curvature, due to temperature rise 7’: — 1 
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m = ratio of thicknesses of low- to high-expansion com- 
ponents 

ratio of moduli of elasticity of low- to high-expansion 
components 


» = 


Since no external forces are present in a freely supported 
heated bimetallic strip, all internal forces must be in equilibrium 
at every section of the strip. This condition makes it possible to 
establish the relations 


and M = M, M; = 2 [3] 


Since 


Pe Bh + 


termining its value from the condition that unit elongation of the 
two components is equal at the joint. This results in the equality 
P 


1 ay 
+— + — = — — — — — ... [6 


By substituting the value of P; = P; = P from Equation [6] 
in Equation [5], the expression for the radius of curvature is ob- 
tained 


a) — Ti) [7] 
2(Eil, + ( ) 


ES 
2 t 


E,a, 

Replacing moments of inertia 7; and J, with their respective 
al a3 d 
values and 35 
of thicknesses equal to m and ratio of moduli of elasticity equal 
ton, Equation [7] reduces to the form 


, considering unit width, and taking the ratio 


1 Re eee 
+ m)? + (1 + mn) G 
mn 


From Equation [8], the effect of the variation in the thickness 
of the two components of the strip may be determined. Generally 
the thicknesses of the two components are the same so that m=1. 
Equation [8] thus simplifies into more useful form 


24(a2 — a) (T: 


[9] 
1 
n 


Equation [9] shows that the ratio n of the moduli of elasticity 
tan vary over a rather wide range without affecting to any extent 
the radius of curvature of a heated bimetallic strip. In most 
bimetals, the moduli of elasticity of the two components are of 
the same order of magnitude so that the ratio n can be taken 


‘qual to unity. Equation [9] with this approximation reduces to 
its final form 


. [8] 


1 3 (a2 - a) — 
p 2 t 


From Equation [10] it is possible to determine the deflection 
strips of various forms supported in a number of different 
Manners, The case of a narrow strip supported on two knife- 
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The force P can now be eliminated from Equation [5] by de- 
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edges will be illustrated. 


Referring to Fig. 6, for the case of small 
deflections 


Eliminating p from Equations [10] and [11], the deflection at 
the center of a freely supported strip will be 
16 t 


Usually the difference of the coefficients of expansion for a given 
pair of metals formed into a thermostatic bimetal is determined 
experimentally and combined with the 4/1. factor into the deflec- 
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tion constant for the bimetal. The common form of the equation 
for the deflection of a bimetal strip is 


— T;) L? 


The deflection constant k is given in this paper for the case of a 
narrow strip clamped at one end and free to deflect at the other 
end, as shown in Fig. 7. The force necessary to return a heated 
bimetallic strip to its initial position is obtained by substituting 
in Equation [13] the value for the deflection of a cantilever beam 
with the force concentrated at the free end. The following rela- 
tion gives the force in terms of the temperature change 


— 71) t?w 
F 
[14] 


The constant ¢ is known as the force constant and is usually 
determined experimentally. 


STREsSEs IN THERMOSTATIC BIMETALS 


Bimetals free to deflect upon heating are subjected to internal 
stresses which at high temperatures may assume large values. If, 
in addition to internal stresses, bimetals are subjected to stresses 
due to restraints, loads, etc., their performance may be critically 
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Fig. 8 THERMAL STRESSES IN BIMETAL STRIP 


affected if these stresses exceed the elastic limit of the ma- 
terial at high temperatures. Thus, it is necessary to evaluate 
stresses for applications involving high temperatures and loadings 
or restraints. In this paper, only the analysis of internal stresses 
due to heating will be presented. Stresses due to external forces 
will vary, depending upon the application. A few simple cases of 
combinations of internal stresses and stresses due to external 
forces have been analyzed by Timoshenko (5) and Rich (6). 

The strains produced in a freely supported heated bimetallic 
strip are given in Equation [6] and consist of elongation due to 
thermal expansion, strains due to axial forces and strains due to 
bending. The stress at the joint will thus be given by the ex- 
pression 


assuming equal thicknesses of the two components of the bimetallic 
strip and equal moduli of elasticity. For this case the value of 
the force P from Equation [5] is 


_ 


tp 24p 


Substituting this value of the force into Equation [15] and re- 
membering that 2a = ¢ we obtain for the stress 
Bt Et _ 
The value of the radius of curvature p is given by Equation 
[10] so that the stress in terms of the difference in coefficients of 
expansion of the two components of the bimetal and the tem- 
perature rise will be 
= E/2 (a2 — a) (T;— Ty [18] 
The maximum stress will occur at the joint of the two com- 
ponents as shown in Fig. 8. The stresses at the surfaces will be 
half as high as those at the joint. 
For a temperature rise of 300 C (540 F) the maximum stress 
will have approximately the following value 
_ 20 X 10 
2 


= 30000 lb per sq in 


(15 — 5) X 300 


THERMAL PROPERTIES OF THERMOSTATIC BIMETALS 


The primary function of thermostatic bimetals is to produce a 
deflection or a rotation when heated. In many applications, such 
as thermometers, the bimetal does not have to do any work, ex- 
cept that of moving an indicating pointer, the bearings of which 
may have some friction. But there are other numerous applica- 
tions where the bimetal is called on to do considerable work such 
as lifting parts of mechanisms or overcoming stored energy in 
spring or magnetic systems to obtain snap action. In the case 
of those applications where the function of the bimetal is mainly 
to provide an indication of the temperature change only, the 
deflection constant has to be considered. On the other hand, in 
cases where the bimetal is expected to do work, the force con- 
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stant is of importance and has to be investigated to obtain a de. 
sign of maximum efficiency. 

The important thermal properties of a number of representa- 
tive bimetals are illustrated in Fig. 9, the data for which were 
obtained from catalogs. The bimetals selected for this chart 
characterize the three general groups into which a number 
of commercially available bimetals may be classified, depending 
upon the temperature range of application, low, medium, and 
high. The bimetals selected for this illustration are made by the 
three largest manufacturers of this material in the United States; 
The H. A. Wilson Company, W. M. Chace Company, and 
General Plate Company. In the upper part of the figure, deflec- 
tion and force constants are given as defined in Equations {13} 
and [14]. The lower part of the figure shows, the temperature 
ranges for which the deflection is directly proportional to the 
temperature change and temperature ranges for which these 
bimetals have a maximum useful deflection. As will be noted, 
the three largest manufacturers of bimetals produced materials 
of practically identical thermal properties. Fig. 9 simplifies the 
problem of the selection of a bimetal for any specific purpose. 
By extending this chart to include all the available bimetals, it 
should be of value to designers of devices employing thermo- 
static bimetals. In addition to the bimetals selected for illustra- 
tive purposes in Fig. 9, a large number of other bimetals is avail- 
able having widely different properties. Manufacturers’ litera- 
ture contains complete descriptions of these bimetals and gives 
their complete properties in full detail. 

In order to prevent changes in calibration of devices using bi- 
metals upon initial heating, it is necessary to anneal the bimetal 
carefully. During the rolling operation stresses are set up which 
can be relieved by a proper annealing procedure. High-tempera- 
ture thermostatic metals should be annealed by, e.g., heating at 
600 F for 1 hr if the material is to be used for any temperature 
below 550 F. In cases where the bimetals are to be used above 
550 F, annealing should be done at a temperature 50 deg higher 
than the maximum temperature encountered in service. Low- 
temperature bimetals should be annealed at 350 F. 

The deflection constant of bimetals changes as a result of an- 
nealing. Generally, different bimetals will show a varying de 
gree of change in constant due to annealing. Manufacturer 
provide data on the effect of annealing on their respective products 
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in & manner similar to that of a spring; it is subjected to large 
deflections or rotations. It is expected, and usually it is essential, 
that the element should return to its initial position upon the re- 
moval of the restraining forces. The design of bimetallic ele- 
ments, where large deflections occur and permanency of calibra- 
tion is necessary, requires the knowledge of the stresses involved 
and the tensile properties of the material. The authors were un- 
able to find in the available literature on thermostatic bimetals 
any data on the tensile properties of bimetals. Neither have the 
manufacturers of bimetals published information regarding the 
tensile properties of their products. In some cases, the moduli 
of elasticity have been determined and given in the catalogs. 

One of the authors, 8. G. Eskin, during a study of bimetals 
eleven years ago, measured the tensile strength and the elastic 
limit of metals available at that time. The results of these 
measurements are given in Table 2. Bimetals available at present 
probably have higher tensile properties than those shown in 
Table 2. With the exception of the brass-invar type of bimetals, 
all other bimetals can be subjected to tensile stresses of the order 
of 70,000 lb per sq in. at room temperatures. Manufacturers 
generally recommend stresses not exceeding 30,000 lb per sq in. 
which value allows a very wide margin of safety and makes 
necessary the use of more bimetal than with a less conservative 
value. Stresses must be considerably lowered due to “‘creep” 
which occurs at high temperatures. Table 3 shows the “safe 
working” stresses recommended by two manufacturers at various 
temperatures. 

For the calculation of forces exerted by bimetallic strips when 
subjected to deflections, the moduli of elasticity must be known. 
The brass-invar type of bimetal has a modulus of elasticity ap- 
proximately 17,500,000 lb per sq in. and most of the medium- 
and high-temperature bimetals have moduli of elasticity close 
to 25,000,000 lb per sq in. These values are for room tempera- 
tures; at elevated temperatures, the moduli of elasticity will be 
owered from 10 to 20 per cent, depending upon the metal and 
the temperature rise. 

Hardness of bimetals varies considerably with analysis, degree 
rolling, and the heat-treatment. In general, bimetals are rela- 
tively hard, the low-expansion side varying from 205 to 260 
Vickers or Brinell, while the high-expansion side of medium- and 
tigh-temperature metals varies from 230 to 300 Vickers or 
Srinell. These hardnesses are of the same order as those of 
nedium-hard cold-rolled spring materials. 


TABLE 2. TENSILE PROPERTIES OF THERMOSTATIC METALS 


Tensile Elastic 
strength, limit, Elongation,? 
Metal and treatment lb per sq in. Ib per sq in. per cent 
Vilson standard, as rolled..... 75000 5.0 
Vilson standard, annealed at 
Vilson high-temp. constant, as 
110000 95000 3.5 
high-temp constant, 
_sunealed at 750 F.......... 110000 85500 12.9 
-tace No. 2600, annealed..... 109000 94000 1.1 
-tace No. 2800, annealed. . 105000 91000 4.0 


*Gage length = 8 in. 


TABLE 3 STRESSES FOR BIMETALS RECOMMENDED BY 


MANUFACTURERS 
W. M. Chace Co., General Plate Co., 
Temperature, F lb per sq in. b per sq in. 
100 25000 — 
150 30000 
200 23000 
300 25000 
400 20000 
500 ee 20000 
600 15000 
700 15000 
800 12000 ey 
10000 
1000 7000 ae 
1200 3000 3000 
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With the exception of brass-invar and some special bimetals, 
most high-temperature, high-deflection constant bimetals have 
very low thermal conductivity. This is due, first, to the fact 
that invar is a very poor conductor of heat. Fig. 107 shows that 
the lowest thermal conductivity of the nickel-iron alloys is in 
the range of their lowest thermal expansion, this latter property 
making them of particular value for bimetal applications. 
Second, heat-resisting chrome-nickel steels and similar alloys are 
also very poor conductors of heat. Since this is the case, most 
high-temperature bimetals are very poor conductors of heat. 
This should be borne in mind by designers of devices in which 
the bimetal is to be heated by conduction. 


Meruops or TEst 


All manufacturers and most large users of bimetals have de- 
veloped methods of test which meet their own particular require- 
ments. While there may have been some similarity in the gen- 
eral test procedure, there usually existed enough difference to 
cause discrepancies in results when testing identical materials. 
To eliminate this difficulty, the American Society for Testing Ma- 
terials formed Subcommittee VII, under Committee B4, to 
study bimetals and set up methods of test. Their latest work 
may be found in Tentative Standard B106-39T entitled ““Tenta- 
tive Method of Test for Flexivity of Thermostat Metals.” 


APPLICATION OF THERMOSTATIC BIMETALS 


Space limitations do not allow enumeration of the very ex- 
tensive uses of thermostatic bimetals. Suffice it to state that one 
manufacturer of bimetals lists in his catalog 60 general industrial 
applications and 15 automotive, aviation, and marine applica- 
tions. A number of articles have been written on the application 
of bimetals, showing the more common forms in which bimetal 
elements are used; i.e., spirals, helices, disks, flat and U-shaped 
strips, and also special shapes to meet various unusual require- 
ments. These references are listed in the Bibliography. 

Recently two new bimetal units have been introduced which 
are shown in Figs. 11 and 12. The triple helix shown in Fig. 11 
was developed by the Weston Electrical Instrument Corporation 
and is being used extensively in dial thermometers. By this 
method of winding a very sensitive element requiring small 
space is obtained. The double-helix coil shown in Fig. 12 is a 
product of the General Plate Company. This coil is made by 
winding a relatively long small diameter helix into a much shorter 


7? Bibliography (1) Fig. 40, p. 61. 
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Fig. 11 Tripte FoR DiaL THERMOMETERS BY WESTON 
ELECTRICAL INSTRUMENT CORPORATION 


Propuctnc LINEAR DEFLECTION 


Fie. 12 Dovusie-HELix 
WueEN Heatep; Mabe By GENERAL PLATE COMPANY 


helix of a considerably larger diameter. Upon heating, this helix 
produces a linear deflection along the main axis of the coil. 
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Discussion 


J. B. Dowpen.’ Fig. 11 of the paper shows a Weston triple- 
helix bimetal coil and a short discussion of its characteristics may 
be informative. These multiple-helix coils are made with 2 to 4 
helices. A very stable self-supporting mechanical form is ob- 
tained by this construction so a long length of bimetal may be 
wound in a small space. A bimetal strip 25 in. long can be readily 
wound in a cylindrical form 0.32 in. diam x 0.50 in. long with- 
out any one convolution touching another. The combined axial 
expansion of the helices is practically canceled out since alternate 
helices are wound in opposite directions. Also there is no side 
thrust as in a spiral. The maximum accuracy in measuring the 
temperature of a small portion of a temperature gradient is 
secured by the most concentrated temperature-sensitive element 
as in this multiple-helix coil. 

With regard to the expansion of invar, Benedicks (2) showed 
that invar has a two-phase structure and a hysteresis loop of 
thermal expansion if one considers the changes which occur during 
the heating cycle. His final experimental proof was obtained by 
taking many points rapidly on the temperature-expansion curve 
of an invar bar 80.05 mm (3.15 in.) long as it varied over the 
temperature range 16 to 58 C. He explained that the length of 
the invar changed as the material changed from one phase to the 
other and this counteracted the normal temperature-expansion 
change which was assumed to be that of iron or nickel, and thus 
produced an extremely small net linear-expansion coefficient. 

Benedicks’ experiment was chosen as being most suitable for 
demonstrating his theory regarding the expansion anomaly. To 
be directly applicable to the practical use of bimetals, similar tests 
would have to be made with a variety of heating rates and 
differently treated invar samples. It would seem from our ex- 
perience with invar that the size and shape of the hysteresis loop 
are affected by the rate of heating (or cooling) and the condition 
of the invar as regards its treatment and composition. We find 
that bimetal coils with a small heat capacity, having one element 
of invar, when suddenly changed from one well-stirred liquid bath 
to another differing by 50 to 90 C, will register a maximum and 
final change in 10 to 25 sec, as nearly as can be read on a practi- 
cal scale which is readable within 0.25 per cent. This would in- 
dicate that the effect of this hysteresis is negligible in practical 
applications with good material and design. 


8 Thermometer Division, Weston Electrical Instrument Corpor 
tion, Newark, N. J. 
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ESKIN, FRITZE—THERMOSTATIC BIMETALS 


H. D. Matruews.? Caution should be used in connection with 
the use of the word “annealing” in reference to thermal elements. 
Annealing is usually associated with softening the material by the 
use of elevated temperatures. The words “heat-treatment” are 
more commonly used rather than ‘‘annealing,” and the heat-treat- 
ing temperature should be a value slightly above the maximum 
value to which the material would be subjected while in service. 
An appreciable softening of the material will occur at temperatures 
above 1000 F and, if the material is annealed in the usual sense 
of the word, the strength would be considerably reduced. Heat- 
treatment relieves stresses which exist in the material, due to the 
fact that it is finished by cold-rolling. If the finished elements 
are formed in any way from strip material, additional stresses 
are set up, which are also relieved by the heat-treatment. An- 
other very important factor in connection with heat-treatment is 
that the nickel steels which are used for the low expansive side of 
bimetals have an expansion value the magnitude of which is de- 
termined by the temperature history of the material. When bi- 
metal is finished by cold-rolling, the nickel-steel components have 
minimum expansion values. During the first heating of the ma- 
terial, the expansion value is raised, depending upon the time of 
heat-treatment, as well as the exact temperature used. The in- 
creasing of the expansion coefficient of the nickel-steel side, 
due to heat-treatment, therefore, reduces the deflection constant 
of the finished bimetal element. This change in deflection con- 
stant can amount to a value as high as 10 per cent in some bi- 
metals and, if an accuracy of 2 or 3 per cent is desired after being 
placed in service, it is necessary, of course, that the heat-treatment 
be given to the finished piece before determining the calibrated 
scale in the finished instrument. In ordinary air furnaces it re- 
quires from 2 to 3 hr properly to stabilize the elements rather 
than 1 hr, as mentioned in the paper. 

In connection with the exact value of the deflection constant, 
this is affected to some extent by the relation of the thickness to 
the width of the strip. A change in deflection constant may be 
as great as 10 per cent if the width of the strip is out of proportion 
to the thickness. Therefore, for strips of unusual width or thick- 
ness, it is desirable to determine from tests the actual resulting 
deflection constant, as general formulas in use do not make any 
definite reference with respect to width. 

The use of the phraseology “low- and high-temperature bi- 
metals” is becoming more or less obsolete. Up to about 1915, 
the bimetal in general use was made of brass and invar, and was 
recommended for temperatures up to 300 F. Since that time a 
great advance has been made in heating elements, so that with 
the growth of the electrical heating industry, higher-temperature 
bimetals were necessary, resulting in the use of monel and nickel- 
chrome alloys for the high-expansive side. Due to our present 
wide range of temperature calibrations, the words “high- and 
low-temperature bimetals” are not particularly significant. 

In connection with the theoretical deflection of bimetal as 
published in 1863 by Villarceau, it is interesting to note that, 
with present manufacturing methods of direct welding of bi- 
metals, no slippage occurs. The actual deflection of the mate- 
rial agrees with the theoretical values. 

The authors refer to other qualities of bimetals besides deflec- 
tion as being of importance. These might be briefly enumerated 
as follows: Noncorrosive bimetal; bimetals with low and high 
resistivity; nonmagnetic bimetals; bimetals with small and large 
temperature coefficients. 

Through several years of field experience, the writer has found 
that the stresses recommended by bimetal manufacturers re- 
ferred to in Table 3 are extremely favorable for actual use in 
design work. 


* Minneapolis-Honeywell Regulator Company, Minneapolis, Minn. 
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S. R. Hoop.'® Based on Benedick’s experiments (2) with 
invar, it is assumed that “where rapid rates of heating or cooling 
are encountered, the temperature-time hysteresis of invar may 
affect the deflection of bimetals by an appreciable amount.” 
With all the progress in metallurgy since Benedick’s work in 
1926, there is still no adequate explanation of the thermal ex- 
pansion anomaly of invar. The conclusions in Benedick’s ex- 
position are based on premises which cannot be verified by tests. 
In 1928, Howard Scott reported!! no detectable hysteresis and 
suggested ‘‘the effect described by Benedick must therefore be 
attributed to temperature lag between his specimen and the 
temperature-measuring device.” 

An example of the rapidity with which thermostatic metal 
will respond to a change in temperature is best shown by the 
5000 amperes test given by the Underwriters’ Laboratory to 
domestic circuit breakers. One of the thermostatic metals for this 
application has a high expansive component with an expansion 
rate slightly lower than that of invar when the latter is heated to 
temperatures above 500 F. Therefore, at the beginning of a rapid 
temperature rise, if the initial expansion rate of the invar were 
high as stated, no deflection would result in the bimetal. 
However, in this device, the elapsed time between closing the 
circuit and its subsequent interruption is 0.010 sec. Only 
0.003 to 0.004 sec is required for the deflection of the bimetal and 
the remaining 0.006 to 0.007 see is consumed by the remainder 
of the mechanism. Therefore, it is safer to say that there is no 
temperature-time hysteresis in thermostatic metals but that 
their deflection depends upon the rate at which they are heated; 
they respond as any other metal to radiation, conduction, and 
convection. 

It is also stated that, if the width is greater than 20 times the 
thickness, the resulting cross-buckling reduces the deflection of a 
strip. Actually, the deflection of a cantilever, either tapered or 
rectangular, increases with an increase of the width of the base 
when the length and thickness are held constant. This variation 
depends upon the width-length ratio, but for commercial sizes 
is of the order of 5 per cent. 


R. G. Watrenserc.'? The writer believes this to be the 
first paper dealing with the properties of thermostatic bimetal 
presented before a technical society in this country, and the 
authors are to be commended for this initial step. There are 
some features of this paper which it appears desirable to amplify 
and there are some statements which may be questioned. 

It should be noted that the data on the low-expanding nickel 
steels reviewed in this paper deal mainly with steels which have 
been cold-worked much less than the usual thermostatic bimetal. 

It is surprising that anyone who has worked with thermostatic 
bimetal would accept without question Benedick’s conclusions 
(2) on the expansion hysteresis of invar. There are millions of 
devices operated by thermostatic bimetal containing 36 per 
cent nickel steel which must respond to temperature changes in 
fractions of asecond. The statement, that invar, when subjected 
to a temperature change from 16 to 58 C, expands for a few min- 
utes at about the rate of iron or nickel, can be proved erroneous by 
plunging a thin strip of any of the common thermostatic bi- 
metals into hot water. The bimetal will change form immedi- 
ately. No time lag between change in form and change in tem- 
perature will be noticed. 

We have attempted to determine expansion hysteresis by tests 
on thermometal composed of Armco iron against a 36 per cent 
nickel steel. The test specimen was a loosely wound spiral made 


10 Chief Engineer, W. M. Chace Company, Detroit, Mich. 

1. *‘Low Expansion Nickel Steels,’’ by Howard Scott, Trans. 
American Society for Steel Treating, May, 1928, pp. 829-847. 

12 The H. A. Wilson Company, Newark, N. J. 
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from strip 0.006 in. thick, '/sin. wide, and 12in. long. This would 
rotate 1.12 angular deg per deg F. The spiral was held at 75 F 
(24 C), then immersed in oil at 200 F (93 C) and the amount of 
rotation was automatically recorded at intervals of 0.1 sec. The 
results were as follows: 


During the first 0.1 sec, the coil 


_ Time after Rotation,! rotated 22 deg and in 1 sec it had 
immersion, sec deg rotated 90 deg. These rotations 
correspond to temperature 
10 90 changes of 75 to 95 F and 75 to 
4.0 155 F with the coil in equilibrium 


140 

| atthose temperatures. The tem- 

‘perature change of the bimetal 
could not have been much faster so there could have been little, 
if any, time lag between the temperature of the 36 per cent nickel 
steel and the corresponding expansion for equilibrium conditions. 
Certainly there was no hysteresis of the order discussed by the 
authors. 

The properties of the components which affect the change in 
curvature of a bimetal may be combined into what is known as a 
deflection constant and a theoretical derivation of this constant 
Kisgiven. The numerical value of K can be determined by tem- 
perature-deflection observations on a suitable specimen. Con- 
sistent results may be obtained on a beam specimen tested in the 
manner proposed by the American Society for Testing Materials 
(A.S.T.M.) and cited by the author in the section, “Methods of 
Test.” The values of K observed by this method agree closely 
with the values derived from a theoretical analysis based upon the 
properties of the components. 

A rate of deflection may also be determined by observations 
on the temperature rotation of spirals and helices, but the rate 
of rotation determined in this manner may vary 20 per cent on a 
given bimetal, because the amount of rotation depends upon the 
form and relative dimensions of the bimetal strip, particularly 
the ratio of width to thickness. The latter method of test is 
mentioned because some of the deflection constants shown in 
Fig. 9 were obtained in this manner. A comparison with de- 
flection constants obtained by the A.S.T.M. method leads to 
erroneous conclusions. 

This paper contains an analysis of stresses introduced by a 
change in temperature of a bimetal. This analysis gives changes 
in stress, not the actual value of the stress. The amount and 
distribution of the stresses in any part depend upon its previous 
history. It is possible to distribute stresses advantageously in a 
bimetal part by a suitable heat-treatment. Heat-treatment of a 
finished bimetal part is necessary if uniform and unchanging 
performance is desired. In most applications the treatment de- 
scribed by the authors is sufficient. In a few applications, it is 
necessary to carry the assembled thermostat over the entire tem- 
perature range, above the maximum and below the minimum 
temperature it will meet in service. 


No further rotation 


AutTHoRS’ CLOSURE 


The authors regret that due to lack of space they were unable 
to give a detailed description of Benedicks’ ingenious apparatus 
for determining the manner in which invar expands on fast heat- 
ing and to describe more clearly and in greater detail results of 
Benedicks’ experiments. Mr. Hood cited the work of Howard 
Scott" in which Scott was unable to check results previously ob- 
tained by Benedicks. The authors have studied the method 
used by Scott and it seems that, having been designed primarily 
for the purpose of obtaining easily and quickly a large amount of 
data, Scott’s apparatus may not have been particularly suited to 
determine an effect which requires extremely high magnification. 
Scott’s conclusion to the effect that Benedicks’ results were incor- 
rect was based on the premise that temperature lag existed be- 
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tween the test specimen andthe platinum rod used as a thermome- 
ter. The authors do not agree with this conclusion but, even 
assuming that a temperature lag may have existed, it could not 
have changed the general aspects of Benedicks’ investigation, 
The fact that at the start of heating the expansion of the invar rod 
was of the order of the expansion of either iron or nickel indicates 
that the temperature-measuring arrangement was satisfactory. 

The authors were quite interested in data presented by Messrs, 
Hood and Waltenberg, showing that bimetals made with commer- 

cial invar give a deflection immediately upon heating. It was 
thus assumed that, since bimetals containing invar perform in a 
manner which does not follow from the results of Benedicks’ re- 
searches, his work was wrong. While the authors have no definite 
data to explain the seemingly contradictory situation which exists, 
they feel that these discussers have erred in arriving at their con- 
clusions, having approached the problem too much from the com- 
mercial point of view. A careful study of Benedicks’ work would 
show the tremendous importance of the analysis of the invar rod 
on its hysteresis effect. Fig. 65 in Benedicks’ book (2) shows 
that, while an alloy containing 36 per cent nickel will have a 
hysteresis effect, an alloy containing 36.9 per cent nickel will not 
show it. This in itself may be indicative that commercial invar 
may not have a hysteresis effect and, therefore, bimetals with it 
will respond instantaneously to temperature changes, as the re- 
sults of Messrs. Hood and Waltenberg’s tests indicate. The 
authors agree with Mr. Dowden that the entire subject requires 
further investigation, particularly from a purely scientific point 
of view. 

It may be pointed out that the hysteresis effect theoretically 
would initially reduce the deflection of a piece of bimetal contain- 
ing pure invar when heated at a fast rate by about 10 per cent. 
This amount of reduction in deflection requires careful measure- 
ments and may not be apparent when investigated by methods 
described by Messrs. Hood and Waltenberg. 

The authors are grateful to Mr. Matthews for amplifying their 
comments in regard to annealing of thermostatic bimetals. They 
have used the term ‘‘annealing”’ in a broader sense, as defined by 
the American Society for Testing Materials (A.S.T.M.) in Stand- 
ard A119-33. 

Mr. Hood brings out the point that a bimetal strip when used as 
a cantilever will show a greater deflection with increases in the 
width. While this may be true in one particular case, generally, 
the contrary will occur. The authors would like to refer him 
to an A.S.T.M. treatise,'* which gives the following formula as 4 
correction for cross-curvature of a freely supported strip of 
thermostatic bimetal, where w is width of strip and L the distance 
between supports 1/{1 + (w/L)*}. 

Mr. Waltenberg points out that, in Fig. 9 of the paper, the de- 
flection constants of the General Plate Company’s bimetals are 
higher than they should be, due to the fact that the company used 
coils rather than strips to determine deflection constants. It was 
pointed out in the paper that the data for this figure were taken 
from catalogs of manufacturers, assuming that the manufacturers 
were familiar with methods for determining accurately the deflec- 
tion constants of their materials. At the request of the author, 
the General Plate Company rechecked the deflection constants of 
their bimetals shown in Fig. 9 using strips, and found them t 
check very closely with constants given in the figure. 

While it is quite possible that erroneous results may be ob- 
tained, when deflection constants of coils of certain geometry ar 
recalculated to obtain deflection constants for strips, it is concei¥- 
able that a coil can be used of such a size that its deflection col 
stant would be quite comparable with that obtained with a strip. 


13Tentative Method of Test for Flexivity of Thermostat 
Metals,” B106—39T, A.S.T.M. Standards, 1939, Part 1—Metals, PP 
1164-1168. 
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The Significance of, and Suggested Limits for, 
the Stress in Pipe Lines Due to the Com- 
bined Effects of Pressure and Expansion 


By D. B. ROSSHEIM! anp A. R. C. MARKL,? NEW YORK, N. Y. 


This paper has been prepared as a vehicle for discussion 
of the following basic problems, on which agreement must 
be reached to establish a satisfactory working-stress basis 
for pipe lines: 

1 Proper allowable stresses for combined pressure and 
expansion effects. 

2 Influence of and limits for localized stresses under 
static and repeated loading. 

3 Capacity of bolted joints to withstand expansion 
effects without leakage or damage to flanges, bolts, or 
gaskets. 

4 Effect of prespringing, self-springing, creep, and 
yielding on operating and off-stream stresses. 

An attempt has been made to point out various aspects 
of each issue, rather than limit the presentation to the 
personal views of the authors. 


processes in the power, oil-refinery, and chemical industries 

have produced a trend toward large-scale units and high 
operating temperatures and pressures. With the attendant in- 
crease in line sizes and wall thicknesses, the subdivision of pipe 
lines into convenient runs with expansion bends soon proved 
entirely inadequate; instead, today most piping for severe 
service is carefully analyzed for forces and stresses, full advan- 
tage being taken of the inherent flexibility by minimizing the num- 
ber of anchors, guides, or other restraints. A natural consequence 
of this improved accuracy in evaluating thermal effects is the 
necessity for a review of stress limitations as they apply to ex- 
pansion stresses alone and in combination with internal pressure. 
This problem has received the active consideration of Subgroup 
No. 3 on Expansion and Flexibility, Subcommittee No. 8 on 
Fabrication Details of the Code for Pressure Piping (ASA B31) 
who, functioning with the Applied Mechanics and Power Divi- 
sions of the A.S.M.E., have sponsored this symposium. 

This paper has been prepared as a vehicle for discussion of the 
following basic problems, on which agreement must be reached to 
establish a statisfactory working-stress basis for pipe lines. An 
attempt has been made to point out various aspects of each 
issue, rather than limit the presentation to the personal views of 
the authors. 

1 Proper allowable stresses for combined pressure and expan- 
sion effects, 

2 Influence of and limits for localized stresses under static 
and repeated loading, such as in bends and corrugated pipe. 

3 Capacity of bolted joints to withstand expansion effects 
without leakage or damage to flanges, bolts, or gaskets. 


‘ Mechanical Engineer, M. W. Kellogg Co. Mem. A.S.M.E. 

* Assistant Mechanical Engineer, M. W. Kellogg Co. 

Contributed by the Power Division and presented at the Annual 
Meeting, Philadelphia, Pa., December 4-8, 1939, of THe AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors, and not those of the 


Society. 


| bm the last decade, economic considerations and new 


4 Effect of prespringing, self-springing, creep, and yielding on 
operating and off-stream stresses 


Résumé or SIMPLE STRESSES INVOLVED 


A pipe line is essentially a pressure vessel, the internal pressure 
causing a radial stress at the inner face which is converted into 
circumferential stress on the way through the wall, leaving zero 
radial stress at the outer surface; at any point the sum of the 
radial and hoop stresses varies inversely as the radius, while their 
difference is the same at all points. These are the laws of Lamé 
which involve the assumption of a uniform or zero longitudinal 
stress. Following this reasoning, in a closed cylinder the longi- 
tudinal stress equals the product of the pressure and the internal 
area divided by the cross-sectional area of the wall, and has the 
same value throughout the thickness. While most runs of piping 
are not technically closed cylinders, the same longitudinal stresses 
occur due to pressure effects on the projections of elbows, there 
being a complete absence of longitudinal pressure stress only in 
straight runs between vessels of infinite rigidity and such including 
frictionless expansion joints. 

Under temperature changes with free expansion no stresses 
are introduced. However, ordinarily, expansion is restrained by 
the equipment to which the pipe line is attached, as well as 
anchors, guides, solid hangers, or supports. 

In calculating a line for expansion, the ends are commonly 
assumed completely fixed; this connotes three forces and an equal 
number of moments in the case of a problem in space, resulting in 
longitudinal bending stresses in two mutually perpendicular 
planes and torsional stress about the pipe axis, as well as two 
shears and a normal stress. With the assumption of hinged ends, 
the end moments reduce to zero, a condition which would be 
fully realized only in a frictionless ball-and-socket joint. Ac- 
tually, an intermediate condition of restraint will prevail in 
practice due to sympathetic deflections, rotations, or distortions 
of the equipment to which the pipe is attached. On the other 
hand, cases will arise where external movements of the ends tend 
to increase rather than decrease their degree of fixity; in addition, 
guides, solid or spring supports, and hangers often inhibit free 
deformation of the line and thus add to the stresses. 

To avoid additional complexity, the weight of the piping is 
commonly neglected in flexibility calculations. In heavy pipe 
lines spring hangers are often used to balance the dead-load 
effects when the line is at working temperature, and solid hangers 
can be similarly employed in neutral locations. Properly de- 
signed supports appear to offer the most suitable means for 
handling this effect, which can then be disregarded in the stress 
analysis of most lines. 

Where piping is not insulated, the heat loss from the exposed 
surface produces a temperature drop through the metal thick- 
ness causing longitudinal and circumferential stresses of equal 
magnitude which may be evaluated by the formulas of Lorenz 
(1). Since the outside surface is relatively colder, tensile 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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stresses will result there while the inner face will be in compres- 
sion. Where conditions are not conducive to rapid heat loss, or 
where there is insulation even though of low thermal efficiency, 
these stresses are not of sufficient magnitude to warrant considera- 
tion. 


Srress INTENSIFICATIONS AND THEIR SIGNIFICANCE 


The Intensifications. A pipe being a simple cylinder is in itself 
free of secondary effects if we neglect nonuniform thickness and 
defects. However, most runs of piping contain joints, intersec- 
tions, valves, and fittings, or may be fabricated into special 
shapes, which introduce differences in rigidity or changes in con- 
tour with the result that localized bending stresses must occur 
to preserve the continuity of the structure. It is our purpose to 
list the sources of stress intensifications, and briefly discuss 
their significance under static and repeated loadings. 

When a pipe is curved into a torus shape (pipe bend or welding 
fitting), increased flexibility results under moments in the plane 
of the bend as a result of flattening of the cross section toward the 
neutral axis. The effect of this ovalization is to produce circum- 
ferential bending stresses of a relatively high order, and also to 
increase the longitudinal stress in proportion to the added 
flexibility. This distortion of the cross section is resisted at the 
ends of the bend by the straight tangents which probably tends 
to reduce the out-cf-round shape of the curved pipe in this area 
and introduce corresponding ovalization into the straight pipe 
for a short distance. 

All intersections or outlets involve bending effects due to the 
transmission of direct stress around the opening and the direc- 
tional change at the sharp corners. In consideration of these 
effects, standard fittings are increased in thickness and branch 
connections are provided with reinforcement which, while lessen- 
ing these influences, on the other hand introduces discontinuity 
effects due to the additional stiffness. The distortion produced 
by circumferential welds is in effect a corrugation which, with 
present-day welding technique, is probably so slight as to be of 
little or no consequence. In welds, as well as hot or cold bends 
or other fabricated parts, residual stresses are encountered which 
are probably reduced to an insignificant level where stress-re- 
lieved. 

To secure added flexibility, straight and curved pipe are some- 
times provided with circumferential corrugations which behave 
analogous to a bellows; as a result, appreciable longitudinal 
bending stresses are introduced while the circumferential stresses 
are probably reduced. Creased bends involve somewhat the 
same consideration. No adequate analytical analysis has been 
made of the stresses in corrugated or creased-bend pipe although 
some experimental research on full-size specimens has been done 
at the Navy Experimental Station at Annapolis by Dennison (2) 
and this has been supplemented with tests on 2-in. pipe by the 
M. W. Kellogg Company. Details of these tests and a sum- 
mary and discussion of the Dennison and Kellogg data are given 
in Appendix 1. 

In recent years the trend in high-pressure piping has been 
toward the omission of bolted joints wherever possible. On the 
other hand, such connections have performed satisfactorily in 
oil-refinery service under extremely high pressures and tempera- 
tures, involving in some cases frequent cycles of application. 
Pressure discontinuity stresses occur at the back of the flange due 
to the differences in stiffness, and bending stresses result from the 
bolt load. Due to the importance of this subject on pipe design, 
a detailed discussion is considered advisable and this has been 
incorporated into Appendix 2 to avoid overburdening the body 
of this paper. 

Static Loading. It is generally conceded that, under static 
loading, localized stresses do not necessarily influence the failure 
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load of a structure. Tests on plain pipe with stiffening rings 
usually result in failure in the pipe beyond the influence of the 
ring and not in the zones of high bending stress adjacent thereto, 
Similarly, many tests on unreinforced openings in pressure vessels 
and pipe have shown a bursting strength comparable with that 
of the plate or piping material, unless the openings were large 
with comparable distortion, in which case the effect is no longer 
local and failure is a function of the shape involved. Many 
structures have to undergo a considerable degree of cold working 
in manufacture and nevertheless give satisfactory service in the 
absence of stress relieving; for instance, the A.S.M.E. Pressure 
Vessel Code permits unstress-relieved vessels up to 1'/, in, 
plate thickness in proportion to the diameter for U-69 construc- 
tion, and in most of these vessels the plates are formed cold. 
With the present safety factor of 5, many stress intensifications 
are countenanced such as the knuckle stress on relatively shallow 
dished heads and unreinforced openings of limited size. In the 
API-ASME Unfired Pressure Vessel Code, an attempt has been 
made to reduce the degree of possible stress intensification in 
view of the safety factor of 4, but here also these stress raisers 
are present although to a lesser degree. 

In connection with transverse stresses in curved pipe, Hov- 
gaard (3) has made tests which show that for low-carbon steel, with 
a minimum yield point of 25,000 lb per sq in., appreciable perma- 
nent set would not be obtained until the longitudinal stress as 
calculated with the longitudinal-stress coefficient derived by him 
exceeded 20,000 Ib per sq in. 

With bolted joints, the trend at the present time is to permit 
an overstress in the hub in proportion to the capacity of the 
flange proper to take additional stress, that is, the mean of the 
hub and flange stress must not exceed the allowable. Flanges 
calculated in this manner have given satisfactory performance 
on hundreds of heat exchangers. There is the additional con- 
sideration of maintaining a tight joint and this aspect is covered 
in Appendix 2. It would appear that with ASA standard flanges 
the bolt area is sufficient to transmit bending stress of ordinary 
magnitude without lowering the gasket pressure beyond the 
minimum required so that the flange and bolting would not be 
unduly overstressed. At the same time the bolt load is able to 
withstand appreciable torsion by means of friction between the 
gasket and flange faces although to a lesser degree than applies 
to bending, and caution must be exercised where high torsional 
moments are involved. 

In so far as static stresses are concerned, it would, accordingly, 
seem to be entirely proper to permit principal stresses in the line 
which closely approach the yield point and to neglect the in- 
fluence of highly localized stresses. This is particularly true 
where the distortion due to the stress intensification tends to re- 
sult in a shape of increased stiffness. 

Cyclic Loading. The problem of establishing suitable allowable 
stresses becomes more involved in the case of cyclic loading 
There are some cases where load variations will definitely exist 
such as in discharge lines from reciprocating pumps or com- 
pressors; more often the number of stress cycles and magnitude 
of alternating stresses during operation are a matter of conjet 
ture. There is little doubt as to the limitations that should be 
imposed for applications definitely involving alternating stresses. 
On the other hand, for average applications, the question whethe? 
and to what extent fatigue should be considered is not readily 
answered. This is particularly true in view of the large amoutt 
of pipe which is giving satisfactory service in proportion to the 
relatively few fatigue failures which have been encountered: 
Alternating stresses may also be a source of fatigue corrosi0l 
which might occur as accelerated attack in corrosive media, and 
is sometimes present in applications where the type of material § 
considered fully resistant. 
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In Appendix 1 the available data on fatigue tests of different 
types of tubular members are given and an attempt has been 
made to correlate this information to determine what relation, 
if any, exists between the flexibility factor and the useful life as 
indicated by the number of cycles to failure. It is regrettable 
that the information available is exceedingly meager; on the 
other hand, we believe that the data indicate a definite trend 
between the resistance to fatigue and the stress intensification, of 
which the flexibility factor is a rough measure. 

Subzero Temperatures. Occasional failures are sometimes 
encountered in subzero piping and usually occur in an area of 
localized stress which might be only a flaw or scratch in the 
pipe. At the present time, resistance of materials to impact is 
compared on the basis of a Charpy keyhole-notch bar test, al- 
though attempts have been made to correlate similar informa- 
tion from tension impact tests. In the absence of a better ex- 
planation, failures of this nature are connected entirely with the 
composition and the physical properties of the material involved, 
although stress may be found to be a factor when our knowledge 
of this subject is further expanded. 


SrreE: BEYOND YIELD PoINT AND CREEP 


The stresses ir ». pipe wall, being the superposition of individual 
effects following individual laws of distribution, are by no means 
uniform over the cross section or length of the pipe. The Jongi- 
tudinal pressure stress is assumed constant; the radial and 
circumferential pressure stresses are a function of the radius; 
the bending stresses due to expansion are a maximum at the ex- 
treme fibers and zero at the neutral axis of the section, and vary 
over the length of the pipe; the discontinuity stresses at flanges 
and intersections, the effects of ovalization in plain bends, and the 
stress concentrations at corrugations follow laws peculiar to 
themselves. 

Local yielding, where overstress occurs in restricted areas, will 
effect a redistribution to adjacent fibers. When the load is re- 
moved, the fibers which have undergone permanent set will as- 
sume a negative strain, the net result being an increase in the 
elastic range of the structure. As an extreme condition, and 
neglecting increase in yield point due to strain hardening, it is pos- 
sible to visualize a line carrying a negative strain with stresses at 
the yield point in the unloaded condition, and deflecting under 
expansion forces and moments until an equal positive strain is 
produced, with stresses again at the yield point but of opposite 
sign. This increase in elastic range could also be obtained by 
prespringing the bend to the yield point cold and then applying 
displacements twice as great as the prespringing but of reversed 
sign. The difference between “self-springing”’ and “prespring- 
ing” structures would be that in the first case the bend has under- 
gone permanent deformation of certain areas which combine 
to shorten the distance between the ends while in the latter case 
no yielding was necessary. 

Normally the entire elastic range (from the positive to the 
negative yield point) will not be utilized, and self-sprung bends 
will operate hot with a yield-point stress, with an off-stream stress 
somewhat lower. The same bend with 50 per cent prespringing 
will have equal stresses hot and cold, both below the yield point, 
or the prespringing could be up to the yield point with a low op- 
erating stress. 

We next consider the effect of time and temperature on this 
problem. Prolonged loading at room temperature will result in a 
slightly lowered yield point, and as we go to higher temperatures 
the short- and long-time yield points decrease. This fact is the 
basis of stress relief at temperatures below the critical range, the 
procedure being to select a corresponding temperature and soak- 
ing time to yield all locked-up stresses to a desired level. This 
effect probably extends down to room temperature although the 
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soaking time rapidly increases below 1000 F for carbon steel. 
The first effect of time and temperature therefore is to lower the 
stress-carrying capacity to the level of the long-time yield point 
at that temperature. 

The yielding which occurs during the period just described is so- 
called “first-stage creep.”” Subsequently, the structure will con- 
tinue to elongate under second-stage creep analogous to decreas- 
ing load or relaxation tests, the rate diminishing rapidly as, the 
load is reduced. In time, a stress is reached which will be prac- 
tically maintained over an extended period, which is commonly 
called the “relaxation strength.’”’ Consequently the second 
effect of time and temperature is to reduce the stress level to the 
relaxation strength of the material at that temperature. 

With this reasoning, an unstressed bend will first assume elas- 
tic stresses proportional to the deflections; subsequently, first- 
stage and second-stage creep will reduce the stress to the relaxa- 
tion strength, given sufficient time, so that there appears no pos- 
sibility of more than initial overstress. The strain corresponding 
to the overstress will reappear when the off-stream condition 
obtains, so that the bend has self-sprung itself to this degree. 
For high-temperature piping, the self-springing therefore pro- 
vides an expansion range from the desired stress cold to a relaxa- 
tion stress of reversed sign. If the bend is presprung the period 
of adjustment is reduced and, if the prespringing is 100 per cent, 
there would be no bending stress due to expansion under opera- 
tion. 

It is evident that prespringing is beneficial and should be en- 
couraged since it maintains the stresses in a more favorable 
range. Calculations should have for object the determination of 
the elastic range rather than the maximum stress. The average 
stress level should be considered in setting the allowable range, 
a procedure which also recommends itself from fatigue considera- 
tions. For high-temperature piping in the creep range the off- 
stream stress becomes significant as relaxation occurs, so that 
calculation for stresses at room temperature is indicated, since 
the maximum high-temperature stress is regulated at the relaxa- 
tion-stress level for that temperature. This involves the room- 
temperature elasticity modulus. 

Where the thrusts and moments in operation are significant, 
calculations at operating temperatures are also necessary. For 
these the reduced moduli of elasticity at the line temperature 
are used. In all calculations Poisson’s ratio is assumed constant 
since few data are available on its variation. 


MeErTuHops oF CoMBINING STRESSES 


A pipe line in space is subjected to flexural and torsional stresses 
as well as normal stresses and shears due to expansion effects in 
addition to circumferential, longitudinal, and radialstresses caused 
by pressure. This connotes a triaxial state of stress which must 
be correlated with the uniaxial failure stress obtained from the 
standard tensile test. The three better-known criterions of 
elastic failure (4) are the principal-stress theory (Rankine), 
the maximum-shear theory (Coulomb-Guest), and the maxi- 
mum-shear strain-energy theory (Hencky-Mises). The first, 
although still widely applied on account of its simplicity, has been 
discredited, while the results of the other two theories agree fairly 
well among themselves and with elastic-limit tests. The Hencky- 
Mises theory is generally conceded to predict yielding most 
closely. 

Neglecting, as of little practical significance, such effects as the 
radial pressure stress, the circumferential bending stress (which 
occurs in curved members), the normal stresses, and shears due 
to expansion, and assuming that stress-intensification factors, 
where applicable, have already been included in the stress com- 
ponents, the simple stresses which remain to be considered as 
acting in the extreme tensile fiber are 
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f, = longitudinal pressure stress plus extreme-fiber stress 
due to bending 

fc = circumferential pressure stress 

fs = shear stress due to torsion 


The resulting principal stresses can be written as 


fo = V [4fs? + 


= Va lfetSo— + 
= 0 


In the principal-stress theory, f; is directly compared with the 
allowable stress f and the two lower principal stresses are dis- 
regarded. 

In the maximum-shear theory, the difference between the two 
extreme stresses governs. If both fi and f2 are positive, the same 
criterion is obtained as for the principal-stress theory. If, on the 
other hand f2 is negative, a different limitation applies. Ac- 
cordingly, the following two conditions must be satisfied 


hh = + Sf [8] 


Finally, for the Hencky-Mises theory, the failure criterion can 
be written as 


WV (fi = V (8fs? +h? —Sifc) SF. 


With steady creep, the maximum-shear theory is commonly 
used, although Bailey (5) has developed a formula analogous to 
the Hencky-Mises equation, involving constants which are evalu- 
ated from the creep properties of each material. Before 
selecting a theory, some thought should be directed at criteria 
of failure. The stress theories mentioned predict yielding, not 
ultimate failure and, with extensive yielding or creep, the elastic 
theory no longer controls the stress distribution. In thick 
cylinders under pressure the Hencky-Mises theory would no 
doubt predict the yielding of the innermost fibers, but general 
yielding of the cylinder is probably best predicted by the simple 
stress theory, and the same is true of failure. 

Where stresses are calculated according to the elastic theory, 
the principal-stress theory could be safely continued in use since 
it is in step with present-day safety factors. In fact, the Barlow 
or outside-radius formula of the Piping Code already penalizes 
piping in comparison with pressure vessels (A.S.M.E. and API- 
ASME Codes both use the Lamé formula which follows Rankine’s 
theory for thick pressure vessels). If stresses are to be evaluated 
more closely and the safety factor reduced, then the Hencky- 
Mises theory should be used if yielding destroys the utility of the 
structure. If some yielding is not considered detrimental, then 
further studies and tests are desirable to correlate combined loads 
with rupture. 

Where stresses are calculated under conditions of steady creep 
rather than the elastic theory, the maximum-shear theory is 
used by Bailey (5). Norton (6) has made creep tests on tubular 
specimens which indicate similar rates where the average simple 
circumferential stress and the simple tensile stress in the cylinder 
and test bar were the same, although with longer tests there are 
indications that the creep rate would decrease for the cylinders. 
Bailey establishes the ratio of diametral to tensile creep as 1/2 
to 1/; for the same shear stress. Norton’s tests would indicate 
that the use of the average stress from the elastic theory (Lamé — 
mean of outside- and inside-diameter stresses) is entirely safe for 
a hydrostatic loading. 


SuGGEsTED DrsIGN ASSUMPTIONS AND Stress LIMITS 


Up to this point, we have been concerned with the presenta- 
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tion and discussion of the data and reasoning affecting the prob- 
lem of pipe lines under expansion, and have found the subject 
to be quite complex. It is obvious that considerable simplifica- 
tion must be introduced in order to establish rules suitable for 
general application. In the following, basic assumptions for use 
in evaluating stresses and limits for the combined stresses result- 
ing from pressure and expansion are suggested. 

Evaluation of Expansion Thrusts and Stresses. The calcula- 
tion of the line for expansion serves the purpose of establishing 
the range over which stresses vary rather than the maxima and 
minima, and accordingly consideration of the amount of pre- 
springing required can be deferred to the end of the calculation. 
Since the relaxation stress definitely limits the hot condition, 
both prespringing and self-springing will tend to make the room- 
temperature condition the controlling one and calculations ac- 
cordingly should be based on the elasticity modulus at room tem- 
perature rather than the reduced value in operation. Where a 
close estimate of thrusts in operation is desired, a simple con- 
version by the ratio of the hot to the cold elasticity moduli will 
give the required results. ° 

Simple Stresses to Be Considered. In arriving at the principal 
stresses, consideration should be given in all problems to the 
following stresses at the outside surface of the pipe: 


Simple pressure stresses: 
Circumferential 
Longitudinal 
Line expansion stresses: 
Longitudinal bending (two planes) 
Torsion 
Local stresses : 
Longitudinal bending in curved pipe and creased ells 
Longitudinal bending in corrugated pipe. 


The radial pressure stress is zero at the outer surface. Direct 
‘stress due to the axial force and shearing stresses caused by trans- 
verse forces need be calculated only where the piping is extremely 
stiff. The local stresses are evaluated conveniently by using 
stress-intensification factors which are discussed later. We be- 
lieve that the circumferential bending stress (curved pipe) and 
other local stress raisers, such as branch connections, may be 
neglected, although the use of unreinforced openings and rein- 
forcement details should be more closely controlled where serv- 
ice conditions involve distinctly cyclic loading. Bolted joints 
will be commented on as a separate item. 

Stress-Intensification Factors—Fatigue. In addition to the 
ordinary usage of the term “‘stress-intensification factor,’’ it will 
here also be applied as a correction factor reducing the elastic 
range of stresses where cyclic loading is involved. The values 
given in Table 1 are suggested as a working basis. 


TABLE 1 SUGGESTED “STRESS-INTENSIFICATION FACTORS 
Stress-intensification 
factor 
Noneyelie Cyclic 
Shape stresses stresses 
1 1 
Plain bends and creased bends... . 8 k 
Corrugated tangents and bends... 2'/3 5 


Cyclic stresses would be considered to obtain where service 
conditions involve pulsating loads or frequent temperature 
changes; a closer definition should be considered, although 
cannot be expected to relieve the designer entirely from a cot 
sideration of the merits of each case. 

The factors for plain tangents require no comment. In the 
case of plain bends, k and 8 are the familiar K4rmdn or flexibility 
factor and Hovgaard’s longitudinal stress-intensification facto! 
respectively. Both are applied to flexure stresses in the plane 
of the bend only. Creased bends are realized to occupy an inte 
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mediate position between plain and corrugated pipe, but are 
usually classed with the former in the absence of reliable data. 
For straight and curved corrugated pipe, stress calculations are 
based on the moment of inertia of the pipe before corrugating, 
and the stress-intensification factor is applied to the longitudinal 
pressure stresses and the bending stresses. It is realized that the 
moment transverse to the plane of a bend can vary from pure 
bending to pure torsion with an intermediate range where both 
effects are present, and that the true state of stress is not evaluated 
by present methods; however, this and kindred problems can be 
considered as future refinements as our knowledge of this subject 
expands. 

For noncyclic stresses, we have used the endurance properties 
of 20,000 cycles as a rough guide; for cyclic loading, 500,000 stress 
reversals have been considered as fairly representative of the 
endurance limit. 

Combination of Stresses. If failure is associated with yielding, 
_ the Hencky-Mises theory most accurately predicts the elastic 
limit under combined stresses, although the maximum-shear 
theory offers sufficiently close results and is somewhat easier to 
apply. On the other hand, present-day safety factors for pres- 
sure stress are predicated on the principal stresses (Rankine 
theory) and, since local yielding results in stress redistribution 
with no loss in utility, average stresses are probably the best 
over-all strength index. For the present, we would favor the 
continued use of the principal-stress theory for calculations based 
on the elastic theory. Where stresses under steady creep (5) are 
being considered, the maximum-shear theory may be used. 

Suggested Stress Limits. Using as a basis the allowable stress 
established in the codes for calculating pipe wall thickness under 
pressure, the following limits for the available stress range (al- 
ready discussed as a suitable criterion for stress-deflection com- 
parison) are suggested : 

For no prespring 


Allowable stress range = 0.75 (Sy + S4‘)........ [6] 


and for 50 per cent prespring 


Allowable stress range = S, + Sy4’.............. [7] 


where S, = allowable stress at room temperature and S,’ = 
_ allowable stress at operating temperature, both to be introduced 
‘ with their algebraic values so that they will always be numerically 
additive. 

As an illustration, the allowable ranges obtained for com- 
bined pressure and expansion stresses in accordance with formulas 
[6] and [7] are listed in Table 2 for various line temperatures, as 
based on allowable pressure stresses for seamless low-carbon steel 
piping (48,000 Ib per sq in. minimum ultimate tensile strength) 
to A.S.T.M. Specification A-106 as proposed for the ASA Code 
for Pressure Piping. 

TABLE 2 ALLOWABLE RANGES FOR COMBINED PRESSURE 


AND EXPANSION STRESSES AS OBTAINED WITH FORMULAS 
AND [7] 


i Line tem- Allowable stress range— . 
e perature, F Oil-piping section Power-piping section 
= © pre- % pre- No pre- 50% pre- 
¢ spring spring spring spring 
Upto 650 18000 24000 14400 19200 
= 700 17663 23550 14100 18840 
Lg 750 17175 22900 13740 18390 
800 16500 22000 13200 17600 
Pe 850 15413 20550 12330 16440 
& 900 14250 19000 11400 15200 
; 950 12563 16750 10050 13400 
1000 10875 14500 8700 11600 


For any intermediate degree of prespring, the relation 
Allowable stress range = (0.75 + 8/2) (S, + S4’)...-[8] 


> could be used, where s = percentage of prespring expressed as a 
) fraction = 0.50 maximum. 
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A higher degree of prespring than 50 per cent is beneficial at 
elevated temperatures in establishing the piping nearer equi- 
librium, thus reducing the amount of permanent set necessary to 
bring stresses to the relaxation limit. However, this will not 
affect long-time conditions, and is therefore not considered to 
warrant an increase in the elastic range. 

Investigation of Bolted Flanged Joints. The rules suggested 
in the preceding apply to pipe and do not consider joints. These 
are properly investigated after the completion of the line calcula- 
tions. We have already indicated that ASA standard flanges 
are probably sufficiently strong to take any bending stresses 
ordinarily encountered and, at least with ring-type gaskets, 
possess a fair resistance to torsion. In doubtful cases, and where 
special flanges are used, an investigation analogous to that car- 
ried out for two flanges in Appendix 2 will be indicated. The 
ASA flanges should probably be explored more thoroughly, and 
definite limits imposed on the allowable bending and torsion 
moments depending on the type of gasket used. 


Appendix | 


TESTS OF PLAIN, CORRUGATED, AND CREASED-BEND 
PIPE UNDER CYCLIC VARIATION OF STRESS 


Few, if any, pipes break in service due to the application of a 
steady load or but a few repetitions. Since the common pipe 
materials are quite ductile, under steady stress a small amount of 
yielding ordinarily will relieve highly localized overstress and 
effect a redistribution without hazard of failure, provided the 
average stress does not already exceed the yield point. Where, 
on the other hand, repeated stress variations are incurred due to 
temperature or pressure changes, or vibration, an entirely dif- 
ferent situation arises. The application of a large number of 
stress cycles of sufficient amplitude will cause fatigue failure, 
which is accelerated by flaws in the material or surface irregulari- 
ties. 

The fatigue properties of a metal are characterized by the 
endurance limit which is the stress below which no fracture will 
occur even after an indefinite number of stress reversals, and is 
usually derived from cyclic flexure tests in which the extreme 
fibers are alternately subjected to maximum tensile and compres- 
sive stresses of equal magnitude. It has been found that the 
ratio of endurance limit to ultimate strength, or so-called endur- 
ance ratio, ranges between 40 and 50 per cent. Where stresses 
are not completely reversed, but vary about a definite mean, the 
limiting stress is raised. Fora variation from zero to a maximum, 
an approximately 50 per cent higher limit is found comparing to 
between 60 and 75 per cent of the ultimate strength. A general 
formula covering any arbitrary stress range has been suggested 
by Moore and Kommers (7), as 


= 
[9] 


max 


where S, is the endurance limit for complete reversal, and the 
sign of the ratio of minimum to maximum stress is negative where 
both stresses act in the same sense, and positive where one is 
tension and the other compression. In the absence of corrosion, 
cycle frequency appears to have no influence on fatigue-resisting 
properties, the number of cycles alone controlling. 


Trsts OF CORRUGATED AND CREASED-BEND PIPING BY 
DENNISON (2) 


Realizing the advantages offered by corrugated and creased- 
bend piping, particularly in confined spaces, and at the same time 
noting the lack of concise information on the characteristics of 
such piping, the Bureau of Engineering of the Navy Department 
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authorized large-scale flexibility and fatigue tests on which Den- 
nison (2) reports. The information contained in this valuable 
paper is summarized briefly below. 

Standard commercial products were used, the specimens in- 
cluding tangents, square and offset quarter bends, and expansion 
U-bends of 6-in. standard-pipe-size seamless tubing of carbon 
steel to A.S.T.M. Specification A106-33T, with different heat- 
treatments. The ultimate tensile strength of the various pieces 
ranged from 51,500 to 72,600 lb per sq in.; the yield point, from 
33,400 to 46,000 Ib per sq in.; the elongation in 2 in. from 25.5 
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the corrugations or creases are formed; in other words, the 
“nominal” stress equals the bending moment divided by the sec- 
tion modulus of the original pipe. 

Space does not permit a detailed discussion of the interesting 
analysis and conclusions offered in Dennison’s paper (2). In- 
stead, we will conclude with a few notes on the type of failure 
experienced. With a single exception the corrugated pipe always 
failed at the crest of a corrugation, the cracking progressing from 
the inside out. On the other hand, the creased pipe invariably 
failed through the trough between two creases, with the cracks 
starting at the outer surface and proceeding inward; the same 


Sr [ouRve TION FLEXIBILITY was true of the corrugated pipe cited previously as an exception, 
which was bent to a short radius so that it assumed an inter- 
60 ~ mediate shape between corrugation and creasing. Dennison 
g 5.0 points out that the failure in all instances starts at the surface of 
50 CORRUGATED TANGENTS sharpest curvature which is the inside of the crest for corrugated 
[PLAN BENDS pipe and the outside of the trough for creased pipe. 
$40 q = Tests oF PLAIN AND CorRUGATED PipinG BY E. J. Suezak Fr 
AND H. or THE M. W. KELLoGG Company 
While Dennison has admirably achieved his immediate objec- 
WI tive of developing information on the endurance of corrugated 
Sho and creased-bend piping and correlating this with the endurance 
3 gece. ; 4% limit of the parent metal as obtained from a standard fatigue- 
10 test specimen, the authors have been reluctant to accept fully the 
= conclusions he derives therefrom in the absence of a paralle! 
investigation on plain piping with which a wealth of service ex- 
NUMBER OF CYCLES perience is associated. It is felt that comparison with plain pipe 
Fic. 1 Enpurance Limits ror Pipe anp Pipe Matertan Frou Would furnish a better yardstick for the appraisal of the limits 


DENNISON’s AND M. W. Company's DaTa 


to 48.0 per cent; and the reduction in area from 33.5 to 75.1 per 
cent. 

The corrugations showed a 2'/;-in. pitch and */,-in. height. 
The creased bends were made on a 15-in. radius, the creases being 
on approximately 11 deg 15 min pitch and extending around two 
thirds of the circumference. For the corrugated tangents, a 
flexibility factor of 6.4 was established, and for the corrugated 
ares, & value of 7.2 (as compared with 2.8 for plain pipe bent to 
the same radius); for the creased bends the flexibility factor was 
5.0 (as compared with a theoretical value of 3.8 for plain pipe of 
the same radius). 


within which corrugated or creased pipe should be stressed in 
actual installation. In order to supply such a basis, a simple 
series of tests were projected which have recently been completed 
by E. J. Slezak and H. Wallstrom under the authors’ supervision. 
A description of the tests follows: 

A 24-in. lathe was transformed into a rotating fatigue-testing 
machine of the specific-strain variety. The size of the mode! 
bends was restricted by available clearance; also, by the force 
applied, due to the construction of the lathe, in particular the 
feedscrew. Since the tests were intended to give results repre 
sentative of commercial pipe and the corrugating processes used 
for the larger pipe cannot be properly extended to too small s 
diameter, 2-in. nominal-size standard-weight seamless pipe ws 


Two types of fatigue-testing equipment were used—the one, used throughout. In setting up for a test, the model was rigid) 
a rotating-beam machine, producing a specific stress in the speci- attached to the chuck of the lathe at one end after the outstanding 
men while the other applied a definite deflection through a crank leg had been carefully aligned to revolve on the dead center & 
mounted on an eccentric. Tests made with complete stress re- the tailstock. A self-aligning roller bearing attached to the cros= 
versal were correlated with tests where the stress ranged from feed mechanism was then advanced over the end of the pip 
zero to & maximum by application of formula [9] Moore and which, owing to the difference between the size of the bearin 
Kommers (7); this simply requires reducing the stresses for the and the pipe, was fitted with a reducing collar. Next, a predeter- id 
second form of loading in the ratio of 2 to 3 before plotting. mined amount of deflection was applied by means of the tran» 
Dennison’s results are reproduced in the three lower curves on verse feedscrew; as an additional precaution, this was checke , Pro. 
the fatigue graph shown in Fig. 1. Curve A includes corrugated against a dial gage mounted on the lathe bed. In order to ® F_ | 
arcs and tangents. Curve B applies to corrugated tangents of able to dispense with an accurate determination of the momes’ subse 
slightly different thickness and shape, and curve C to creased arm and obviate the necessity of complicated deflection calcu S mate 
bends. Curve O gives the results of a standard fatigue test on tions (made uncertain by variations in stiffness introduced by per s 
the material itself which had an ultimate strength of 63,000 Ib reducing collar as well as the varying flexibility of the corrugst® F tigy, , 
per sq in. and an endurance limit of 27,000 lb per sq in. or an _ sections), the stress introduced by the applied deflection was © and f 
endurance ratio of 0.43. rectly gaged by means of an accurately calibrated Huggenbere* 5 whi 
The presentation used is the customary semilogarithmic graph extensometer attached to the plain pipe tangent provided at FP come, 
in which the logarithmic scale of abscissas measures the number of | chuck end. Both the dial and extensometer were, of course,™ FF 4 , 
cycles to failure; it makes little difference whether this is de- moved before the lathe was started up. The number of revo mode 
fined as the ultimate fracture or the point at which slightly eccen- _ tions was recorded by a mechanical counter attached to the sh" tange 
tric rotation heralds the end of a test, since the intervening in- The test arrangement is shown in Figs. 2, 3, and 4. The ¢ 
terval is extremely brief. The vertical scale reads the “nominal” The material for the 2-in. seamless pipe was taken from ste depth 
stress calculated for the point of fracture in accordance with the and was manufactured to A.S.T.M. Specification A53-* load-d 
common or Rankine theory based on the pipe dimensions before After fabrication, the pipe received a stress relief at 1150 F © flexibi 
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i. CORRUGATED TANGENT MOUNTED IN THE LATHE FOR GAGING 
STRESS AND DEFLECTION Priok TO TEst 


hic. 3) Orrset QvuaRTER BEND MOUNTED IN THE LATHE FOR 
GaGInG StrREss AND DEFLECTION Prior TO FATIGUE TEST 


subsequent furnace cooling to 600 F. A tensile test gave an ulti- 
mate strength of 59,400 Ib per sq in., a yield point of 36,700 Ib 
per sq in. (as obtained by the drop of the beam), and an elonga- 
tion of 45.6 per cent in 1'/, in. gage length. Satisfactory bend 
and flattening tests were made. A micrograph is shown in Fig. 
d which reveals the pearlite nearly completely dispersed, with 
cementite particles well spheroidized. 

A number of tests were run with each of the four types of 
models shown on the right-hand margin of Fig. 6; these include 
tangents and offset quarter bends of plain and corrugated pipe. 
The corrugations used had an average pitch of 1°/i5 in. and a 
depth of slightly over */;in. As was demonstrated by a series of 
load-deflection tests, this contour does not offer the degree of 
flexibility common to the larger pipe sizes, averaging 3.7 for the 
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tangents and 2.9 for the ares. This was the first 2-in. pipe cor- 
rugated by our shop; the flexibility probably could be improved 
by changing the corrugations. For the plain offset quarter bend, 
calculations give a flexibility factor of 1.3 and a (static) stress- 
intensification factor of 0.9; following the established theory, the 
bend actually would be stressed lower than an equivalent tan- 
gent. 

The results of the fatigue tests are plotted in Fig. 1 on the same 
basis as Dennison’s data. In addition to the average curves 
marked D, E, and F, the values of each individual test are shown 
by a circle, different symbols being used for each of the four test 
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authorized large-scale flexibility and fatigue tests on which Den- 
nison (2) reports. The information contained in this valuable 
paper is summarized briefly below. 

Standard commercial products were used, the specimens in- 
cluding tangents, square and offset quarter bends, and expansion 
U-bends of 6-in. standard-pipe-size seamless tubing of carbon 
steel to A.S.T.M. Specification A106-33T, with different heat- 
treatments. The ultimate tensile strength of the various pieces 
ranged from 51,500 to 72,600 lb per sq in.; the yield point, from 
33,400 to 46,000 Ib per sq in.; the elongation in 2 in. from 25.5 
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to 48.0 per cent; and the reduction in area from 33.5 to 75.1 per 
cent. 

The corrugations showed a 2!/2-in. pitch and */,-in. height. 
The creased bends were made on a 15-in. radius, the creases being 
on approximately 11 deg 15 min pitch and extending around two 
thirds of the circumference. For the corrugated tangents, a 
flexibility factor of 6.4 was established, and for the corrugated 
ares, a value of 7.2 (as compared with 2.8 for plain pipe bent to 
the same radius); for the creased bends the flexibility factor was 
5.0 (as compared with a theoretical value of 3.8 for plain pipe of 
the same radius). 

Two types of fatigue-testing equipment were used—the one, 
a rotating-beam machine, producing a specific stress in the speci- 
men while the other applied a definite deflection through a crank 
mounted on an eccentric. Tests made with complete stress re- 
versal were correlated with tests where the stress ranged from 
zero to & maximum by application of formula [9] Moore and 
Kommers (7); this simply requires reducing the stresses for the 
second form of loading in the ratio of 2 to 3 before plotting. 

Dennison’s results are reproduced in the three lower curves on 
the fatigue graph shown in Fig. 1. Curve A includes corrugated 
arcs and tangents. Curve B applies to corrugated tangents of 
slightly different thickness and shape, and curve C to creased 
bends. Curve O gives the results of a standard fatigue test on 
the material itself which had an ultimate strength of 63,000 Ib 
per sq in. and an endurance limit of 27,000 lb per sq in. or an 
endurance ratio of 0.43. 

The presentation used is the customary semilogarithmic graph 
in which the logarithmic scale of abscissas measures the number of 
cycles to failure; it makes little difference whether this is de- 


fined as the ultimate fracture or the point at which slightly eccen- 


tric rotation heralds the end of a test, since the intervening in- 
terval is extremely brief. The vertical scale reads the “‘nominal’’ 
stress calculated for the point of fracture in accordance with the 
common or Rankine theory based on the pipe dimensions before 
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the corrugations or creases are formed; in other words, the 
“nominal” stress equals the bending moment divided by the sec- 
tion modulus of the original pipe. 

Space does not permit a detailed discussion of the interesting 
analysis and conclusions offered in Dennison’s paper (2). In- 
stead, we will conclude with a few notes on the type of failure 
experienced. With a single exception the corrugated pipe always 
failed at the crest of a corrugation, the cracking progressing from 
the inside out. On the other hand, the creased pipe invariably 
failed through the trough between two creases, with the cracks 
starting at the outer surface and proceeding inward; the same 
was true of the corrugated pipe cited previously as an exception, 
which was bent to a short radius so that it assumed an inter- 
mediate shape between corrugation and creasing. Dennison 
points out that the failure in all instances starts at the surface of 
sharpest curvature which is the inside of the crest for corrugated 
pipe and the outside of the trough for creased pipe. 


Tests OF PLAIN AND CORRUGATED P1pinG By E. J. Stezax 
AND H. WALLSTROM OF THE M. W. KELLOGG CoMPANY 


While Dennison has admirably achieved his immediate objec- 
tive of developing information on the endurance of corrugated 
and creased-bend piping and correlating this with the endurance 
limit of the parent metal as obtained from a standard fatigue- 
test specimen, the authors have been reluctant to accept fully the 
conclusions he derives therefrom in the absence of a parallel 
investigation on plain piping with which a wealth of service ex- 
perience is associated. It is felt that comparison with plain pipe 
would furnish a better yardstick for the appraisal of the limits 
within which corrugated or creased pipe should be stressed in 
actual installation. In order to supply such a basis, a simple 
series of tests were projected which have recently been completed 
by E. J. Slezak and H. Wallstrom under the authors’ supervision. 
A description of the tests follows: 

A 24-in. lathe was transformed into a rotating fatigue-testing 
machine of the specific-strain variety. The size of the model 
bends was restricted by available clearance; also, by the force 
applied, due to the construction of the lathe, in particular the 
feedscrew. Since the tests were intended to give results repre- 
sentative of commercial pipe and the corrugating processes used 
for the larger pipe cannot be properly extended to too small 4 
diameter, 2-in. nominal-size standard-weight seamless pipe was 
used throughout. In setting up for a test, the model was rigidly 
attached to the chuck of the lathe at one end after the outstanding 
leg had been carefully aligned to revolve on the dead center of 
the tailstock. A self-aligning roller bearing attached to the cross- 
feed mechanism was then advanced over the end of the pipe 
which, owing to the difference between the size of the bearing 
and the pipe, was fitted with a reducing collar. Next, a predeter- 
mined amount of deflection was applied by means of the trans 
verse feedscrew; as an additional precaution, this was checked 
against a dial gage mounted on the lathe bed. In order to be 
able to dispense with an accurate determination of the moment 
arm and obviate the necessity of complicated deflection calculs- 
tions (made uncertain by variations in stiffness introduced by the 
reducing collar as well as the varying flexibility of the corrugated 
sections), the stress introduced by the applied deflection was @- 
rectly gaged by means of an accurately calibrated Huggenberge! 
extensometer attached to the plain pipe tangent provided at the 
chuck end. Both the dial and extensometer were, of course, '® 
moved before the lathe was started up. The number of revolt 
tions was recorded by a mechanical counter attached to the shalt. 
The test arrangement is shown in Figs. 2, 3, and 4. 

The material for the 2-in. seamless pipe was taken from stock 
and was manufactured to A.S.T.M. Specification A53-¥. 
After fabrication, the pipe received a stress relief at 1150 F with 
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Fig. 2) CorrnuGATED TANGENT MounteED IN THE LATHE POR 
STRESS AND DerLection Prior TO FATIGUE TEST 


Fic. 3) Orrset QuaRTER BEND MouNTED IN THE LATHE FOR 
GaGING Stress Deriectrion Prior TO FATIGUE Test 


Subsequent furnace cooling to 600 F. A tensile test gave an ulti- 
mate strength of 59,400 Ib per sq in., a yield point of 36,700 Ib 
per sq in. (as obtained by the drop of the beam), and an elonga- 
tion of 45.6 per cent in 1'/, in. gage length. Satisfactory bend 
and flattening tests were made. A micrograph is shown in Fig. 
‘which reveals the pearlite nearly completely dispersed, with 
cementite particles well spheroidized. 

A number of tests were run with each of the four types of 
models shown on the right-hand margin of Fig. 6; these include 
tangents and offset quarter bends of plain and corrugated pipe. 

he corrugations used had an average pitch of 1%/i. in. and a 
depth of slightly over */,in. As was demonstrated by a series of 
load-deflection tests, this contour does not offer the degree of 
flexibility common to the larger pipe sizes, averaging 3.7 for the 
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tangents and 2.9 for the ares. This was the first 2-in. pipe cor- 
rugated by our shop; the flexibility probably could be improved 
by changing the corrugations. For the plain offset quarter bend, 
calculations give a flexibility factor of 1.3 and a (static) stress- 
intensification factor of 0.9; following the established theory, the 
bend actually would be stressed lower than an equivalent tan- 
gent. 

The results of the fatigue tests are plotted in F ig. 1 on the same 
basis as Dennison’s data. In addition to the average curves 
marked D, E, and F, the values of each individual test are shown 
by a circle, different symbols being used for each of the four test 
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series; the arrow attached to the point furthermost to the right de- 
notes a test which was discontinued without failure. Since the 
results for the corrugated tangents and bends were in close accord, 
a single curve, marked D, was drawn for both series. It should 
be noted that there is quite a reduction in endurance for the plain 
tangents (curve F) as compared with the metal itself. (Since the 
ultimate strength of the pipe material in the present tests is 
close to that obtained for the material in Dennison’s tests, it is 
assumed that curve O can serve as a parameter for both investiga- 
tions.) A further reduction in fatigue properties is found for the 
plain ares (curve E) despite the reduced theoretical stress. 

A short note may be in order on the type of cyclic variation of 
the stresses applied. While the stress curve for each point on the 
circumference of the tangents follows a sine wave, this is not 
true for the offset quarter bends shown in Fig. 6. The curves of 
both flexural and torsional stress are given at three points on the 
circumference for the location of maximum stress near the fixed 
end; point A is on the inside of the bend in the plane of its center 
line, and points B and C, respectively, are 45 and 90 deg distant 
therefrom. Only point A and a point diametrically opposite are 
subjected to stress reversal of the maximum amplitude. Despite 


this fact, and the added complication of a cyclic torsional stres, 
the corrugated arcs behaved similarly to the tangents, and the 
conclusion, also implied in Dennison’s presentation (2), can & 
drawn that the highest stressed point controls failure provided 
average conditions are rot too dissimilar. 

Examination of the failed specimens of corrugated pipe cot 
firms the observations of Dennison (2). In the case of pls2 
pipe it was natural to expect a more jagged break since there 5 
no sharp concentration of stresses; here surface markings 8% 
weak ligaments dictate the path of least resistance. Fig. 7 show® 
all the failed specimens assembled, with corrugated bends 82% 
tangents at the left, and plain bends and tangents at the righ 
in the center, the roller bearing, reducing collar, and various p** 
of the clamping devices are shown, together with the two halves 
of a corrugated tangent cut through longitudinally to illust® 
the shape of the corrugations. 


Digest or Resuts or Faticue TEsTs 


In order to review the results of both the Navy (2) and = 
Kellogg tests for the purpose of formulating rules suitable “ 
general application to the practical problem of pipe-line de 
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TABLE 3 FATIGUE DATA FROM DENNISON’S 
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(2) AND KELLOGG’S TESTS 


Avg ult 
Average tensile Limiting 
flexi- strength, stress S, 
Test bility Ib per sq Number of lb persq 

series? Description of models tested factor, k 2 cycles in. S/UTS S/So S/Sr 
20000 46900 0.740 1.00 1.46 
oO Standard fatigue test bar, 1.0 63000 100000 36700 0.580 1.00 1.47 
polished 500000 31100 0.500 1.00 1.32 

2500000 28100 0.450 1.00 “« 
F 2-In. standard - pipe - size 20000 32000 0.540 0.68 1.00 
seamless’ stee) tubing, 1.0 59400 100000 25000 0.420 0.68 £1.00 
plain tangents 500000 23500 0.400 0.76 1.00 
E 2-In. standard - pipe - size 20000 27800 0.470 0.59 0.87 
seamless steel tubing, 1.3 59400 100000 19700 0.330 0.54 0.79 
plain offset bends 500000 17600 0.300 0.57 0.75 
D 2-In. standard - pipe - size 20000 14100 0.240 0.30 0.44 
seamless steel tubing, 3.3 59400 100000 800 0.160 0.27 0.39 
corrugated tangents and 500000 7500 0.130 0.24 0.32 

offset quarter bends 2500000 
Cc 6-In. standard - pipe - size 20000 11400 0.190 0.24 0.36 
seamless steel tubing, 100000 7600 0.130 0.21 0.30 
creased quarter bends 5.0 59000 500000 5300 0.090 0.17 0.23 

and U-bends 2 4300 0.073 0.15 ap 
B 6-In. standard - pipe - size 20000 11400 0.200 0.24 0.36 
seamless steel tubing, 6.5 300 100000 7600 0.130 0.21 0.30 
corrugated tangents (one 500000 4400 0.077 0.14 0.19 

creased radius) 2500000 2800 0.049 0.10 me 
A 6-In. standard - pipe - size 20000 9900 0.170 0.21 0.31 
seamless steel tubing, 6.8 58400 100000 6600 0.110 O.18 0.26 
corrugated tangents and 500000 4000 0.069 0.13 —_ 

various shapes of bends 2500000 3000 0.051 O.11 


@ Series A, B, C, and O are Dennison’s tests. 
strom. 


Series D, E, and F are Kellogg's tests made by Slezak and Wall- 


So = Limiting stress using standard fatigue-test bar, test series 0. 
= Limiting stress using plain straight pipe, test series F. 


SF 
UTS = Ultimate tensile strength. 


all the pertinent information on each separate series has been 
assembled in Table 3. The listing follows the order of increasing 
flexibility of the significant part of each bend model. Limiting 
stresses have been read from the original fatigue curves for 20,000, 
100,000, 500,000, and 2,500,000 cycles and these are correlated to 
the ultimate tensile strength in column 7. In column 8, the 
limiting stresses obtained for the pipe for each number of cycles 
are compared with the corresponding stresses for the standard 
fatigue-test bar. In column 9, the limiting stresses for the plain 
bends, creased bends, and corrugated tangents and corrugated 
bends are correlated with those applying to the plain pipe tan- 
gents. 

A relationship can be established between the flexibility factor 
and the endurance of the material, which appears to be inde- 
pendent of the source of increased flexibility (whether flattening 
of the cross section, as in the case of plain bends, or partial or 
complete corrugation, as in the case of creased or corrugated 


TABLE 4 ENDURANCE I 
COMPARED WITH TEST RESULT 


-—Virtual endurance limit 


Difference, 
% of 
Flexibility From computed From 
factor, k Computed test stress Computed test 
1.0 32000 32000 +0 23500 23500 
1.3 26900 27800 + 3.3 18100 17600 
3.3 14400 14100 — 2.1 7100 7500 
5.0 11000 11400 + 3.6 4700 4300 
6.5 9200 11400 +23.9 3600 2800 
6.8 8900 9900 +11.2 3500 3000 
pipe). This will be illustrated by reference to the 20,000-cycle 


and 500,000-cycle stresses, for which the following formulas per- 
mit a reasonably close estimate of the limiting stresses for pipe 
of varying flexibility. For 20,000 cycles 
[10] 
and for 500,000 cycles 


where k is the flexibility factor of the pipe; S20 and Ssoo are the 
“virtual” endurance limits, or limiting stresses for pipe of unit 


ALMITS COMPUTED FROM AND [11] 


flexibility at 20,000 and 500,000 cycles, respectively; and Sing 
and Siso9 are the “‘virtual’’ endurance limits for pipe of a flexibility 
factor k at 20,000 and 500,000 cycles, respectively. Values com- 
puted in accordance with formulas [10] and [11] are compared in 
Table 4 with those obtained by test. 

If the exponents of k were changed to 0.65 and 1.04, respec- 
tively, for the 20,000- and 500,000-cycle stresses, the difference 
would be reduced considerably. However, formulas [10] and 
[11] should be viewed as rough guides in the interpretation and 
extrapolation of these tests only, and additional refinement ap- 
pears unwarranted in view of the meager basis on which they are 
founded. 

In the tests, the endurance of the plain tangents was between 
two thirds and three quarters that of the test bar and, by intro- 
ducing a factor approximately 0.7, an estimate of the virtual 
endurance limit for pipe of any flexibility can be derived from the 
fatigue characteristics of the material. 


Appendix 2 


—Virtual endurance limit Sksoo—~ 


oe THE PROBLEM OF BOLTED FLANGED 
CONNECTIONS 
stress 
be $ A study of the effects on bolted flanged joints 
+ 5.6 of eccentric loading introduced by the expansion 
—22'2 of a pipe line cannot be properly undertaken 
—14.3 


without a reasonably correct understanding of the 
fundamental problem of the action of flange and 
gasket under the bolt load required to produce a tight seal under 
internal pressure. While thousands of bolted flanged connections 
are in continuous successful use in an ever-widening variety of 
services, surprisingly little precise knowledge of the stresses and 
deformations of the component parts is available. It is only the 
recent trend toward higher temperatures and pressures in the 
steam power plants and chemical industries which has forced a 
reconsideration of the entire basis of design and lent impetus to 
research which is already yielding valuable returns. We refer in 
particular to the work of the British Pipe Flanges Research 
Committee (8) which operates on a broad basis, to the improved 
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approaches to flange design published by Waters, Wesstrom, 
Rossheim, and Williams (9), as well as Bailey’s (10) contribution 
to our understanding of the behavior of flanges under conditions 
of creep, and the many individual investigations made in recent 
years here and abroad with reference to the performance of gas- 
kets. 

The complexity of the problem involved will be apparent from 
a consideration of the variables. In general, the shape of a 
flange does not readily lend itself to accurate mathematical 
analysis, particularly since the method of its attachment to the 
pipe, by welding, rolling, screwing, or otherwise, affects the stress 
distribution. The effects of bolt holes and the gasket groove are 
difficult to include. Serious uncertainties are introduced by the 
necessity of making assumptions for the locations of the bolt and 
gasket reactions which depend on the stiffness of the flange. 
While a formidable number of test results are available on a wide 
variety of gasket shapes and materials, no entirely satisfactory 
correlation of the data has yet been presented and opinions re- 
garding the gasket contact pressures required to seal a joint under 
varying conditions show considerable divergence. The share of 
the elastic deformation of the compound system assumed by the 
bolting depends on the material, size, length, and spacing of the 
bolts, on the development of the shank and type of thread used, 
on the material and height of the nut and, to a small extent, 
even on the compressibility of the washer. Allowable design 
stresses have to consider the yield strength as well as the fatigue 
properties and are affected by the manufacture and heat-treat- 
ment of the steel. 

Conditions are further aggravated in the case of hot lines 
where the problems of creep and relaxation make it extremely 
difficult, if at all possible, jo develop an accurate analysis of the 
behavior of a bolted joint. In addition, the different expansions 
of the component parts must receive consideration and this, in 
turn, presupposes at least an approximate knowledge of the 
temperatures assumed by the flange, bolting, and gasket in opera- 
tion and during starting up and shutting down. The question 
arises whether flanges should be insulated. If lagging is pro- 
vided, the metal temperatures can be maintained more nearly 
uniform and sudden failure due to change in operating or atmos- 
pherie conditions or thermal shock is less likely to occur; on the 
other hand, the life of an uninsulated connection will probably be 
greater due to the reduced temperatures. 

In view of the multiplicity of considerations entering into the 
design of an ordinary bolted flanged connection it is comforting 
to be able to state that, in general, a few relatively simple rules 
supported by experience and good judgment will enable a designer 
to proportion the parts in such a way that the joint will perform 
satisfactorily in operation, at any rate under conditions which 
do not involve excessive temperatures or rapid fluctuations. 

Both the A.S.M.E. Code and the API-ASME Code for Un- 
fired Pressure Vessels have adopted the flange formulas de- 
veloped by Waters and Taylor. An extension of the method to 
include shear and to cover tapered hubs has been published re- 
cently (9); this new derivation also permits the evaluation of the 
effects of internal pressure by a secondary investigation while 
the earlier analysis restricted itself entirely to the bolt moment. 
While the present paper is not concerned with flange design 
proper, a brief exposition of certain phases will be necessary in 
order to show how the effects of expansion of a pipe line on the 
bolted flanged connection can be taken into account. 

The following forms of loading must be considered in the design 
of bolting for a flange: 

1 The internal pressure load, which is usually taken over the 
circular area bounded by the center line of the gasket. 

2 The minimum load required to set the gasket in the cold 
condition. It has been found that, up to certain pressures, the 
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force required to maintain a tight seal is independent of the 
internal fluid or gas pressure; this limit varies for different 
materials and shapes of gasket and also depends on the flange 
facing. The minimum contact load can be interpreted as the 
load required to establish line contact around the circumference 
for the harder gaskets; for the softer packings, it probably signals 
a sufficiently intimate contact over a larger area so that the gap 
between the gasket and flange faces is reduced to such minute 
dimensions that crossflow cannot occur. 

3 The minimum load required to maintain the joint tight 
under operating pressures exceeding the limit mentioned in 2. 
For such pressures the required gasket force appears to be a 
direct function of the internal pressure. The value of the gasket- 
contact ratio is dependent on the type of gasket and facing. 

4 A sufficient additional compressive load to allow for the 
reduction in gasket pressure caused at the joint by direct tensile 
stresses and tensile bending stresses due to thermal expansion of 
the line, the fundamental idea being that this pressure under no 
circumstances can be allowed to drop below the minimum required 
to preserve a tight joint. 

5 A sufficient total load to prevent rotation in the joints due 
to torsional stresses induced by the line expansion. These are 
taken in friction which is a direct function of the bolt load. 

6 An adequate initial load to compensate for yielding of any 
part of the assembly due to suddenly applied pressure or tempera- 
ture loads. 

7 For service at elevated temperatures a design load which 
does not stress the component parts beyond their relaxation 
strength, so that the required gasket compression will be main- 
tained for the desired period. 

While the conservation of a sufficiently high gasket load under 
all conditions of operation is the primary concern in the design of 
the bolting, care should be taken to proportion the gasket so that 
overpulling of the bolts or the application of expansion thrusts or 
compressive bending stresses will not lead to its failure by crush- 
ing. Furthermore, the effect of internal pressure on the gasket in 
producing excessive hoop stresses and the danger of blowouts 
must be considered. The flanges of course, must be able to 
withstand the maximum bolt moment exerted, and, while ordinary 
allowable stresses need not apply, the proportions must be such 
as to prevent excessive distortion. 

Disregarding the effects of line expansion, cold design stresses 
between 20,000 and 25,000 lb per sq in. have been used rather 
widely in this country for alloy-steel bolting; these are stresses 
maintained in operation, although the initial stresses required to 
set the gasket are very often much higher. For elevated tem- 
peratures where creep controls, stresses producing 1 per cent 
strain in 100,000 hours are applied; as determined by investiga- 
tors in this country, such stresses will remain below the relaxa- 
tion strength. In England, Bailey (10) from a test on carbon- 
molybdenum steel arrives at the conclusion that the relaxation 
limit for 100,000 hours corresponds to the stress causing 0.1 pe? 
cent creep in that period (11). For the flanges, the applicable 
code stresses are used except that it is not uncommon to allow 4 
50 per cent higher limit for the hub stresses which are of a highly 
local nature and easily relieved. 

With the introduction of a more accurate analysis of a stres 
problem, it is common practice to reconsider safety factors. In 
the past, flanges have withstood stresses in excess of those ca 
culated considering the bolt load required for tightness only, 84 
accordingly a precedent is established for permitting higher de- 
sign stresses where the effects of line expansion are included 
Before we suggest any new stress limits, it will be in order © 
form an estimate of the magnitude of the hitherto uncalculate! 
expansion stresses in a bolted flanged connection. 

A review of a large number of stress calculations involvi! 
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ROSSHEIM, MARKL—STRESS IN PIPE 


TABLE 5 RESULTS OF INVESTIGATION ON TWO ASA WELDING 

NECK FLANGES WITH STANDARD RING JOINTS FOR THE CON- 

DITION WHERE THE BENDING MOMENT DUE TO EXPANSION 

Is HIGH ENOUGH TO PRODUCE A STRESS OF 15000 LB PER SQ IN. 
IN THE ADJOINING PIPING 


Pipe data: 
4 Bending moment producing a stress of 15000 lb 
per eq in. in the pipe, in-ID..........ccccccece 48200 11730000 
Limits for unit gasket compression based on gross width 
of ring: 
5 Minimum pressure required to set the pint with 
no internal pressure (!/s ring widt 18000 
Ib per sq in. yield point), lb persqin............ 2250 2250 
6 Minimum pressure required to maintain tightness 
under operation ('/s ring width X 5.5 xX 
internal pressure), |b per sqin................ 413 2063 
7 Maximum pressure to prevent crushing gasket, lb 
Bolt stresses for various conditions: 
8 Minimum stress required to set gasket with no 
internal pressure, lb per sq in................. 7500 1900 
9 Minimum stress to hold internal pressure plus 
gasket pressure under operation, lb per sq in.... . 4750 7950 
10 Stress required to withstand moment causing a 
stress of 15000 lb per sq in. in the pipe, lb per 
11 Minimum stress required for tightness (item 8 or 
9, whichever is higher), lb per sq in........... 7500 7950 
12 Minimum stress required for tightness and bend- 
ing moment (item 10 + item 11), lb per sq in. 17600 16550 
13 Probable limit to which bolt may be pull with- 
Flange stresses for various conditions: 
For minimum bolt load required for tightness (item 11): 
14 Longitudinal hub stress, lb per sq in 3300 5300 
15 Radial flange stress, lb per sq in...... 3700 6500 
16 Tangential flange stress, lb per sq in 2800 6200 
For minimum bolt load for tightness and bending moment 
(item 12): 
17 hub stress, Ib per sq in............. 6900 1 
18 Radial flange stress, Ib per sqin................ 7900 12200 
19 Tangential flange stress, |b per sq in............ 5900 11700 
For condition where bolts are pulled up to limit (item 13): 
20 Longitudinal hub stress, lb per sq in.. soos 19000 11800 
21 Radial flange stress, lb per sq in................ 13600 14400 
22 Tangential flange stress, lb per sq in............. 10300 13900 
Maximum gasket compression on gross width: 
23 For minimum bolt load required for tightness 
24 For minimum bolt load for tightness and bending 
moment (item 12), lb per sqin.............. : 300 19750 
25 For condition where bolts are pulled up to limit 


pipe lines connecting to pumps gave the following averages for 
the end reactions: 


Vertical thrust plus weight of pump riser 
including valves and fittings, lb 

Lateral thrust in any direction, lb = 1.50 D 

Bending or torsional moment, in-lb = 60D 


where D equals the outside pipe diameter increased by 3 in. 
The corresponding bending or torsional stresses in the pipe due 
to expansion ranged from 1000 to 6000 lb per sqin. It has been 
our practice to limit the total stresses in pipe lines to 1.5 times the 
allowable code stresses, one third of which is absorbed by the 
longitudinal pressure stress; accordingly, some carbon-steel 
installations below 750 F based on the API-ASME Code with 
material of 60,000 lb per sq in. ultimate strength must have 
Supported up to 15,000 lb per sq in. bending stress due to expan- 
sion. Since the ends of a line usually are locations of maximum 
stress and normally will be flanged for attachment to a nozzle 
provided on the vessel, there will probably always be one or two 
flanges which are subject to the maximum moment. 

In order to appraise conditions at a joint under such cireum- 
stances, two ASA welding neck flanges with standard ring joints 
Will be investigated for the conditions where the bending moment 
due to expansion is high enough to produce 15,000 pounds per 
Square inch stress in the adjoining piping; the data are given in 
Table 5. It will be noted by referring to Tables 6 and 7 that the 
examples selected are fairly representative of the range of condi- 
tions met with in ASA flanges. 
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TABLE6 PIPE DATA 
Pipe Nominal Area, Section 
schedule size, in. sqin. modulus, in.* 
40 4 3.17 3.21 
8.40 16.81 
12 15.74 47.09 
16 24.35 91.49 
20 36.15 170.40 
24 50.30 285.10 
80 4 4.41 4.27 
8 12.76 24.51 
12 26.04 74.53 
16 40.14 144.50 
20 61.44 277.20 
24 87.17 467.90 
160 4 6.62 5.90 
8 21.97 38.47 
12 47.14 122.50 
16 70.85 233.50 
20 109.92 453.50 
24 157.51 780.60 
TABLE7 FLANGE DATA 
———- Bolts# —Ring gasket>—. 
Flange Nominal Root Section Gross Section 
series, size, area, modulus, area, modulus, 
Ib in. sq in. in.? sq in. in.’ 
150 4 1.616 3.03 5.77 8.45 
8 2.416 7.10 9.57 23.33 
12 5.028 21.37 14.73 55.24 
16 8.816 46.84 17.55 78.43 
20 14.560 91.00 21.60 118.80 
24 18.580 137.00 26.02 172.38 
300 4 2.416 4.76 8.07 11.87 
8 5.028 16.34 14.60 38.78 
12 11.650 51.69 20.62 77.33 
16 18.580 104.51 25.43 117.61 
20 22.300 150.50 36.13 207.75 
24 33.720 269 . 80 53.51 364.54 
400 4 3.350 6.60 8.07 11.87 
8 6.610 21.49 14.60 38.78 
12 14.860 65.94 20.62 77.33 
16 23.100 129.94 25.43 117.61 
20 33.720 227.61 36.13 207.75 
24 47.520 380.16 53.51 364.54 
600 4 3.350 7.12 8.07 11.87 
8 8.736 30.03 14. 38.78 
12 18.580 89.42 20.62 77.33 
16 28.100 166.84 25.43 117.61 
40.320 287.28 36.13 207.75 
24 55.300 456. 23 53.51 364.54 
900 4 5.820 13.46 8.07 11.87 
8 13.860 53.71 14. 38.78 
12 23.100 121.27 20.62 77.31 
16 33.600 203.70 36.32 167.98 
20 53.040 391.17 54.19 311.59 
24 85.840 761.83 85.61 583.22 
1500 4 7.430 17.65 8.76 13.96 
8 20.160 78.12 20. 86 55.41 
12 43 .430 244.29 41.23 154.61 
16 68.670 476.40 65. 302.38 
20 101.18 828.41 90.32 519.34 
24 140.000 1365.00 117.71 801.90 
4000¢ 4 7.430 17.65 11.49 14.00 
8 23.760 94.30 28.27 56.54 
12 51.500 291.30 48.60 136.69 


® Root areas of bolts are computed for V-threads with 8 threads a em i. 
minimum. In calculating the section modulus of the bolting, it 
oumnrnee permissible to assume the bolt area uniformly distributed over ao 
olt circle 

+ The approximate formulas A = 2xrw and SM = xrtw have been used 
in calculating the ring-gasket areas and section moduli, respectively, where 
r = radius of the pitch circle and w = gross width of the ring. 

¢ Proposed. 


TABLE 8 INVESTIGATION OF ASA FLANGES (TABLE 5) EX- 
TENDED TO COVER TORSION EQUAL IN MAGNITUDE TO THE 
BENDING MOMENTS INVESTIGATED? 

Vertical thrust required P = M/(f X gasket radius),Ib 82500 290000 
Corresponding bolt stress = (P/bolt area), |b persqin. 34000 
Required minimum gasket compression = P/gasket 


9 A friction factor of f = 0.20 is assumed. 


This investigation would tend to show that the ASA flanges, 
at least where used with ring joints, have a sufficient margin of 
strength in all parts to take considerable bending moments with- 
out danger of overstress. In both examples, the check against 
overpulling of bolts, to which the authors subject each flange as 
a routine precaution, gives higher values than the computation 
including an unusually high bending moment. It is a well- 
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known fact that ASA flanges are overbolted in order to allow for 
high gasket contact ratios required on some forms of gaskets. 
This is no longer true of the proposed 4000-lb standard, which is 
intended for ring joints only or alternate gaskets requiring a low 
sealing force. The 4-in. 4000-lb size actually has the same bolt- 
ing as the 4-in. 1500-lb size, and correspondingly the margin for 
bending stresses is considerably reduced; also, the gross ring area 
is by no means in proportion to the rating, and accordingly cau- 
tion must be exercised in the use of such flanges where line 
stresses are high. 

Where torsion moments are applied to a joint and no me- 
chanical means for absorbing them are provided, these must be 
transmitted through friction between the gasket and the flange 
faces. Our study of representative ASA flanges was extended to 
cover torsion equal in magnitude to the bending moments in- 
vestigated; the data are given in Table 8. A friction factor of 
f = 0.20 is assumed. 

Neither flange can be considered adequate to withstand the 
torsional moments applied. While it is true that the assump- 
tions used are extremes, the investigation clearly indicates the 
need for caution where torsion is concerned. This is even more 
true for gaskets other than metal rings with a lower degree of 
rigidity particularly such that suffer from abrasion. 

Similar lines of reasoning can also be applied to shear effects 
and pipe thrusts, although it is believed that neither ordinarily 
will be significant. 

Concerning the calculation of flanges under the conditions of 
creep and relaxation obtaining at elevated temperatures, the 
reader is referred to an interesting article by Bailey (10). Un- 
fortunately, a large degree of uncertainty attaches to the creep 
constants and temperature assumptions which must be made, and 
present experience at high temperatures is insufficient to permit of 
correlating theory and practice. As far as superimposed stresses 
due to line expansion are concerned, Bailey suggests that these 
tend to diminish rapidly and need not be considered in connec- 
tion with the ultimate steam tightness of the joint. 
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Discussion 


Wituiam HovGaarp.‘ This paper is very suggestive and 
affords a good basis for a discussion of the many difficult questions 
which arise in the design of pipe lines. The problem presented 
may be summarized as that of the determination of factors of 
safety for pipe stresses. 

It is necessary to distinguish between the states of stress 
which exist locally and those which exist generally throughout 
the pipe. In the former class belong the longitudinal stresses 
denoted by f, in the paper and stresses localized near the ends of 
the pipe. These stresses combine with hoop stresses and tor- 
sional stresses, creating a state of stress which should not be al- 
lowed to approach the condition of plasticity. If flow does occur 
locally, a permanent set is liable to occur, although the safety of 
the pipe may not be endangered. It is believed that this state 
of stress is best measured by the Hencky-Mises formula, given 
as Equation [5]in the paper. The expression on the left side of the 
equation does not represent an actually existing stress, although 
it has the dimensions of a stress. It is simply a function of the 
component stresses, so constructed that when it reaches the value 
of the yield point, flow of the material will occur. This function 
the writer has called the “equivalent stress’ in various papers, 
and has denoted it by f,,. It is suggested that the equivalent 
stress should not exceed one half of the stress at the yield point; 
that is, the factor of safety, in case of the stresses here under con- 
sideration, should be at least 2 relative to the yield point. It is 
found that then with all ordinary values of the circumferential or 
hoop stress, f-, the longitudinal stress, f,, can be from 1000 to 
2000 lb per sq in. higher than the equivalent stress. 

In the latter class of stresses, which are general over the en- 
tire pipe, belongs the hoop stress, f-, caused by the steam pres- 
sures. It has a special significance, because it cannot be relieved 
by a change of form of the pipe or by a readjustment of the 
strains. When the pressure is associated with high tempera- 
tures, creep has to be considered and, due to our incomplete 
knowledge of this phenomenon, it is advisable to use a relatively 
high factor of safety. Hitherto, it appears that, in the case of 
the hoop stress, the factor of safety has been ordinarily related to 
the ultimate strength. This was quite satisfactory so long as the 
ratio between the ultimate and the yield strength was fairly con- 
stant, but in modern alloy steels, where this ratio may vary 
widely, it seems safer and more rational to relate this factor te 
the yield point, which determines incipient breakdown. It is of 
interest to note that Lloyd’s Rules, for instance, prescribe 8 
thickness of the pipe wall, which, including the additional incre- 
ment of 0.12 in., gives a factor of safety of about 7 relative to s 
yield point at 500 F of 27,000 lb per sq in. This is obtained, 3* 
suming a steam pressure of 400 lb per sq in., a wall thickness of 
0.319 in., and a hoop stress of 3750 lb per sq in. An analysis 
of other rules representing ordinary practice seems to indicate 
that the factor of safety of the hoop or “bursting” stress relative 
to the yield point should not fall below 6. 


A.E.R.peJonae.6 The authors should be highly commended 


4 Professor Emeritus, Massachusetts Institute of Technology: ad- 
dress, Brooklyn, N. Y. Mem. A.S.M.E. 

5 Mechanical Engineer, The Babcock & Wilcox Company, Né* 
York, Mem. A.8S.M.E. 
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for having undertaken the arduous task of outlining the problems 
encountered in determining the stresses in pipe lines. As their 
paper is intended to be a ‘vehicle for discussion’”’ of these prob- 
iems to supply material for a new piping code, it offers an occa- 
sion to stress the difficulties of this undertaking. 

As the total stress can only be arrived at by a combination of 
the individual stresses, the latter have first to be considered sepa- 
rately before they can be combined. 

With regard to internal pressure, the Lamé formula for thick- 
walled cylinders is probably the best to use as it gives results 
which agree fairly well with practical measurements. It might 
be said that an attempt should be made to obtain uniformity in all 
codes concerning pressure vessels with respect to the use of this 
formula. 

Expansion stresses, on the other hand, provide a very different 
problem. First, the fundamental assumption made in their de- 
termination is that the ends of the pipe line are rigidly fixed. 
This assumption, however, is rarely if ever correct. It is there- 
fore necessary to begin with the investigation of the rigidity of 
the various apparatus connected by pipe lines and to classify 
them with regard to the ‘‘degree of fixedness’’ assigning definite 
percentage values or percentage limits to them. For instance, a 
pressure vessel supported on a high gantry will offer but a slight 
degree of fixedness in the horizontal plane while it must be con- 
sidered more or less rigid in the vertical direction. This investi- 
gation and classification has not only to be extended to linear dis- 
placements, but also to rotations. 

However, even when disregarding all considerations of partly 
fixed ends, the problem of calculating stresses in pipe lines in 
space is by no means solved as yet with anything approaching 
accuracy. The theoretical values for the deflections and rota- 
tions in pipe bends, subjected to torsion, transverse bending, and 
transverse forces, do not check with the test results, differing in 
some cases by more than 50 per cent, the error being systematic, 
i.e., always in the same direction. Even straight pipe lines do 
not seem to follow the laws of ordinary beams any better. Thus, 
compound pipe lines in space exhibit quite different flexibilities 
from those usually assumed in the calculations, although it 
should be stated that these values could be allowed for in the cal- 
culations if they were known with any degree of certainty. Dead 
weight and local stresses at hangers, anchors, etc., are usually 
neglected and so are temperature stresses. In heavy pipe lines, 
however, deadweight should not be neglected. With all this un- 
certainty, it does not seem to be of much use to lay down fixed 
rules for maximum stresses. 

Fortunately, pipe lines are generally more flexible than as- 
sumed, and this factor works in the direction of lower stresses. 
In addition, should overstressing occur, the usual materials for 
pipe lines exhibit the useful property of ductility and thus auto- 
matically lower the stresses in the pipe line by local yielding. The 
same holds with respect to creep. Prespringing is another un- 
certain factor, and so is the fact that load variations or load al- 
ternations occur. In combining the stresses obtained for these 
individual effects, it is clear that the end result will be even more 
uncertain, 

Taking all these factors into consideration, the fixing of stress 
limits can only be regarded as a very rough approximation which 
of necessity must prove to be highly controversial. The actual 
approach to the subject obviously lies in investigating all of the 
different factors separately and more carefully than has hitherto 
been done, to fix for each one the limits within which theory and 
measured results agree, and then to compound these limit factors 
into a common limit factor. It is apparent that, for this purpose, 
experimental investigations on the flexibility of actual large-size 
pipe lines are required, and while such investigations have prob- 
ably been made by individual firms, very little has been pub- 
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lished regarding the results of such experiments. Only by co- 
ordinating theoretical calculations and experimental investiga- 
tions is it possible to arrive at any data which may be regarded 
as approaching reality and thus be of value. By using such an 
approach to this complicated problem, the usual safety factor 
will no longer be a “factor of ignorance” in so far as pipe lines are 
concerned. 


JosepH Marin.* Considering the condition of static loading, 
the authors’ Equation [5] includes the stresses due to bending, 
torsion, and the longitudinal and circumferential stresses due to 


pressure. It is of interest to study, in addition, the radial stress 
and to determine the influence of the various forces in producing 
failure. If the radial stress f; is included as shown in Fig. 8 of this 
+ 
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Fig. 8 THREE-DIMENSIONAL ASPECT OF STRESS PROBLEM WITH 
RaptAu Stress INCLUDED IN ADDITION TO STRESSES DvE TO BEND- 
ING, TORSION, AND PRESSURE 


discussion, the problem becomes a three-dimensional one and the 
distortion-energy theory of failure becomes 


Si? + + fr? — fifa — —Sifs = f?....... {1 


where fi, f2, and f; are the principal stresses. 

Designating f,, fc, and fs as the longitudinal stress, circumferen- 
tial-pressure stress, and shear stress, respectively, the principal 
stresses f; and f; are 


f= + fo+ Vt — ..... 


{13} 
and 


fe = “Alfie + fo— Vi —So)* + [14] 
Placing values of f, and f; from Equations [13] and [14] in [12] 


Su? + fo? — fife + 3f5? + falfs — fu — Se) = f?.. (15) 
Referring to Fig. 8 the components of stress are 


2 
=kp+2kMr, fo = kip (: + 4 
Tr 


fs = kp (: (16) 


6 Associate Professor of Civil Engineering, Armour Institute of 
Technology, Chicago, Ill. Mem. A.S.M.E. 
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2 a? 
where ky = 7 and = {17 | 
Substituting values of the stress components from Equation [16] 
in Equation [15] 


JULY, 1940 


Artuur McCurcuan.’ The authors of this paper have fur- 
nished a comprehensive analysis of stress problems involved in the 
design of pipe lines with a view to finding satisfactory bases for 
establishing allowable combined bending-plus-pressure stresses. 
Their lucid account of the factors involved should stimulate dis- 
cussion of controversial issues and thus aid in reaching a consen- 
sus of opinion on how far a safety code such as the Code for Pres- 


‘ 

+ 4k,2M 4? + = f? {18] 

a‘ sure Piping need go in setting limits on stresses other than girth 
stresses due to internal pressure. 

The section on effect of “cold springing,” or “prespringing”’ as 

the authors have termed it to distinguish from the similar effect 


The left side of Equation [18] is proportional to the distortion 
energy for an element at a distance r from the center. The criti- 
cal element at which failure occurs will be for the maximum value 


resulting from “self-springing,”’ is particularly valuable.  Al- 
06 though those who have worked intimately with the subject of . 
f flexibility of piping fully recognize that a hot line will relieve it- . 
§ self of excessive bending stress through creep or yielding of the y 
2 ass \ material, there appears to be a rather widespread misconception . 
ed \ that creep tends to reduce rather than increase the initial cold : 
3 e04 N spring usually provided in piping for high-temperature service. ' 
ajo \\\ NS The fact that an overstressed line at high temperature tends to . 
=|=03 \ N relieve itself of any overburden of bending stress through creep . 
or yielding of the component parts is responsible for the state- 
= 5 02 3 a ment sometimes heard that: ‘The Lord takes care of flexibility . 
2 \ at Nes experts.”” It is only when excessive bending moments result in P 
leakage of bolted joints, or excessive thrusts or moments displace 
= 0.1 = ee, anchors or cause misalignment of equipment, that there is any tl 
Te —— untoward manifestation of lack of adequate flexibility. In rec- " 
» 0 2 3 4 5 6 < 8 9 ognition of the greater significance of stress related to high bend- - 
—lwisting Moment ing moments at bolted joints, the practice of the writer’s company 
12-5) Internal Pressure x b® for the last 10 years has been to assign lower values of permissible 
Fig. 9 Vatves or Loap Ratio S Piorrep Versus Loap Ratio L: ‘Stress at bolted joints than in curved pipe or straight pipe remote P 
ror Various VALUES oF TwiIsTING MomENT TO BENDING Moment from joints. 
AS A PARAMETER In the case of creased bends, and corrugated bends and corru- ’ 
gated straight pipe, lower total combined pressure-plus-bending ti 
of the distortion energy or for r = a. Then Equation [18] be- stresses also have been assigned, but for a different reason. The lo 
comes tests made by Lieutenant Robert Dennison (2), to which the au- th 
bs thors refer, indicated rather high stress concentrations in such 
— + 2b? + 3k,°b?7? = f? ....... {19] structures. Under cyclic stress, cracks eventually developed in 
a the creases and corrugations at stresses corresponding to rela- ” 
Substituting values of k; and k, from Equation [17] in Equation tively small bending moments. 7 er . 
[19] _ A study of the variable stress conditions existing in steam pip- 
ing in central-station power plants, however, indicates that only in 
3p? 4(4M?* + 37) - [20] the case of a combination of a large constant bending stress and 
(1 — R?)? rb(1—R)2 7 severe vibration of the line would it be possible to produce fa- 
tigue failure. Moreover, because of the self-unloading character ; 
where R = 4 of bending stress, arising from constraint of thermal elongation = 
b of a line, it appears doubtful if even this condition need be feared 
For conditions encountered in power plants, the writer deduced 
and the stress f in simple tension at failure. If the stress f is con- ‘ | 
sidered as the allowable stress, Equation [20] can be used for the following stress-intensification a veutberwr suman ; 
f design. A design chart can be constructed by re- _i8on’s tests (2) and Professor Moore’s repeated pressure tests on i 
boiler drums,® as applicable to creased bends and to corrugated 
writing Equation [20] thus ] 
are 
3 (4L,? + 3) 4 2 to 2.5 
(1 — R*)? (1 — R‘)? x? Corrugated pipe and bends......... 2.5 to 3 
T Vv p These values for corrugated pipe and bends agree surprisingly mo 
where L=— L==, andS=-= well with the factor of 2.5 suggested by the authors for noncyelic per 
pb? T j loading. In the case of creased bends, the authors, in their effort affe 
A plot of Equation [21] is shown in Fig. 9, in which values of _ to link such factors with flexibility factors, appear to have over” Th 
the load ratio S are plotted versus the load ratio L, for various looked the fact that almost as great stress intensificat oan bin cov 
possible values of the twisting moment to the bending moment as pre in caverns Dennison’s tests of creased bends as in tests = 
a of corrugated bends. ve 
a parameter. Fig. 9 is plotted for a value of = 0.25. In Engineering Division, The Detroit Edison Company, Detroit. stru 
this way the allowable loads can be determined for a given pipe or, oe Bane Fine sl ce to Repeated Pressure of Forged. Riveted. YT 
by plotting Equation [21] for various values of R, the required and Welded Boiler Shells,” by H. F. Moore, Trans, A.5.M.E.. vol - 


size of piping can be selected. 53, 1931, paper FSP-53-6, pp. 55-60. 
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The satisfactory behavior of creased and corrugated pipe under 
actual conditions of use may be explained on the basis of the self- 
relieving characteristic of bending stress induced by constraint of 
thermal elongation. This unloading automatically reduces the 
bending stresses in the convolutions to those which the material 
will support at the operating temperature. Since the endurance 
limit holds up better than the yield strength and the creep 
strength as the temperature is raised, it is doubtful if a high-tem- 
perature line can support enough steady stress for the superposed 
vibratory stresses to cause fatigue failure. 

Since the amount of the unloading will appear as an addition to 
the cold spring originally provided, rather severe stresses may 
exist in the convolutions of creased and corrugated pipe in the 
cold condition. These bending stresses emphasize the desira- 
bility of eliminating locked-up stresses by annealing such pieces 
after fabrication. The number of these major stress cycles, 
caused by change from a cold to a hot condition in a main steam 
line of a central station, ordinarily does not exceed a few hundred 
in the life of a plant. Consequently, failure under such conditions 
is related to a property cf material termed by Professor H. F. 
Moore as “crackless plasticity.”* Material used in fabricating 
creased and corrugated pipe usually is capable of considerable 
plastic deformation without developing cracks. It can be con- 
cluded therefore that the stress-intensification factors given by 
the authors, with the exception of those for creased bends, will 
insure proper application of such structures, The writer would 
suggest a factor of 2 for creased bends under noncyclic stresses 
and 4 for cyclic stresses. 

In the writer’s opinion, the maximum-shear theory (4) should 
be used in combining stresses resulting from effects of bending 
and pressure rather than the principal-stress theory advocated 
by the authors, since yielding, not eventual fracture, is the condi- 
tion of so-called failure which can be anticipated in a structure 
loaded by constraint of linear expansion. The maximum-shear 
theory possesses the further advantage of extreme simplicity. 

In the absence of torsion, the combination of bending and pres- 
sure stresses to obtain the tensile stress equivalent to the maxi- 
mum-shear stress reduces to the following simple expressions: 

1 For side of pipe in tension 


Seq = S, + S; 


2 For side of pipe in compression 


Seq = S, — S; S; 

in which 
Seq 
S 


tensile stress equivalent to maximum shear stress 

stress caused by bending moment, tension on one side 
of pipe, compression on the other 

longitudinal stress due to internal pressure 

transverse or hoop stress due to internal pressure. 


S: 


ll 


Fine distinctions as to which theory to use in combining stresses 
are not justified, however, in analyzing structures in more than 
one plane, the flexural characteristics of which can hardly be de- 
termined within an assured accuracy of 10 per cent. Further- 
more, commercial variations in pipe-wall thickness within the 
permissible limit of 12'/, per cent from nominal dimensions may 
affect the flexibility of the pipe line a corresponding amount. 
The writer would point out that the paper does not attempt to 
cover the method of computing expansion stresses, moments, and 
reactions, since there are a number of available methods which 
give comparable results, at least for simple structures. Some 
structures, however, are extremely difficult or impossible to com- 


*““An Investigation of the Fatigue of Metals—Series of 1925,"" by 
H. F. Moore and T. M. Jasper, University of Illinois, Engineering Ex- 
periment Station, Bulletin No. 152, 1925. 


pute by methods approaching rigorous accuracy, and square- 
corner approximations or other simplified assumptions often 
have to be resorted to. If too specifie flexibility requirements 
are written into the code, the writer begs leave to ask who can de- 
termine whether they hae been met in complicated structures? 
In the case of branch lines, three-ended structures, and the like, 
the most that can be determined is that certain stresses will not 
be exceeded. 

The idea of establishing a permissible range of total combined 
stress to limit the stresses in both the hot and cold conditions 
has the advantage that the numerical value of such stresses can 
be made the same as the values of allowable stress given in the 
code for determining pipe-wall thickness and yet be high enough 
not to interfere with good design from a flexibility standpoint. 
The definitions of S4 and S4’ given in the paper seem inadequate, 
however, in that they fail to specify that these terms relate to 
bursting stress as distinguished from bending stress, or that the 
so-called allowable stress refers to total combined stress. 

The proposed setup allows a conservative designer to ignore, if 
he so desires, the ameliorating effect of cold spring, whether ac- 
tually present or not, but still permits him to use a total com- 
bined stress of not to exceed 75 per cent of the sum of the allow- 
able bursting stresses at room and at operating temperatures. 
On the other hand, it allows more latitude in case of need or fot 
those who want it. For instance, at 900 F using carbon-molyb- 
denum pipe, the 75 per cent rule for no cold spring would allow a 
total combined stress of 15,750 lb per sq in., whereas the 100 per 
cent rule for 50 per cent cold spring would allow 21,000 Ib per sq 
In. 

It is possible that in lieu of these detailed stresses the simple 
requirement that a line should be designed so that it could be cold 
sprung 100 per cent of the computed linear expansion without 
developing stresses exceeding */;, or some such fraction, of the 
minimum specified room-temperature yield strength of the pipe 
material would be a satisfactory code statement as far as any ac- 
tual hazard is involved. 

The writer’s observation of the disturbing effect of bending 
moments on bolted-flanged joints is at variance with the reassur- 
ing conclusions reached by the authors which are to the effect 
that ASA standard flanges, at least where used with ring joints, 
can withstand any bending moments commonly encountered. 
Actual experience with 1000 F experimental flanged joints has 
indieated that even small bending moments can cause leakage of 
an otherwise satisfactory ring joint. Calculations also showed 
the desirability of using 1500-lb alloy-steel flanges on 865-lb per 
sq in. 910-F service, assuming a */s-in-wide metal gasket, even 
where the bending moment was limited to that corresponding to a 
total combined stress of only 10,000 lb per sqin. Hence, it would 
seem desirable that the authors support their conclusions with 
adequate explanation of how they are arrived at. 

Although there are a number of assumptions, regarding initial 
bolt loadings, necessary residual gasket compressions, and prob- 

able residual bending moments existing in steam lines after years 
of service, to which exception might be taken, the writer feels 
that a discussion of these points might tend to obscure the rea! 
purpose of this symposium, which, as he understands it, concerns 
how far a safety code need go in prescribing limits for total eom- 
bined stress in piping systems, together with methods for com- 
bining such stresses. 


P. EK. PENDLETON.” The paper is valuable in that it points 
out the controlling design features for high-pressure and high- 
temperature pipe lines. Among these are relaxation stress, a 
proper theory of failure, and the importance of high localized 


10 Lieutenant-Commander, U.S. N., Bureau of Engineering, Navy 
Department, Washington, D. C. 
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stresses in systems subject to repeated loading, as well as their 
lack of importance under conditions of static loading. 

However, no quantitative data are presented in regard to re- 
laxation stress, i.e., at what temperature does it become the con- 
trolling factor for a specific material and what are the values of 
this stress at various temperatures. Accurate data on this ques- 
tion are difficult to obtain, although several laboratories in the 
United States are actively engaged in this problem. 

The importance of keeping the range of stress of a piping sys- 
tem midway between the positive and negative yield strengths is 
timely. In this connection, it would be interesting to see a de- 
velopment made of the influence of locked-in stresses of a welded- 
pipe system and their effect in extending the stress range between 
cold and hot conditions. 

At present, the Bureau of Engineering of the Navy Department 
calculates total combined or equivalent stress by the Hencky- 
Mises maximum-shear strain-energy theory, specifying a maxi- 
mum of 15,000 lb per sq in. for this stress, A 50 per cent cold 
pull-up is required on all main steam lines, but no credit is given 
for this in calculating the stress in the pipe line when hot. It is 
thus unlikely that many regiens exist in which any localized 
stresses greatly exceed the yield point of the pipe material. Con- 
sequently, there will be but little self-springing in pipe lines de- 
signed in this manner. On the other hand, the 50 per cent pre- 
springing will subject the piping to a maximum negative, or cold 
stress of 8500 lb per sq in. Since the combined working stress of 
15,000 lb per sq in. is less than the relaxation stress, the former 
will control the upper limit of the stress range. This range will 
then be 23,500 lb per sq in. (giving no credit for reduction in hot 
stresses) for Navy main steam piping, which is carbon steel for 
temperatures up to 650 F, and carbon-molybdenum, for tempera- 
tures ranging from 650 to 850 F. However, if credit be given for 
50 per cent cold pull-up, the stress range will be 16,000 Ib per sq 
in., which compares with a 19,200-lb per sq in. combined-stress 
range for carbon steel at 650 F as given in the paper. It would be 
interesting to know what upper limits of combined stress were 
used in compiling the allowable stress ranges given in Table 2. 

Attention drawn by the authors to the limitations of the various 
theories of failure when applied to piping design suggests that 
further development of this subject is desirable, especially in the 
plastic range. 

The use of simplified formulas for the determination of thrust 
and bending moment for particular pipe systems suggests that 
much could be done in this connection to facilitate design calcula- 
tions. 

The writer wishes to endorse the suggestion often made that the 
various research problems involved in high-pressure-temperature 
piping design be allocated by a combination of interested groups 
to laboratories and technical organizations best-fitted for their 
solution, so that duplication of effort may be avoided. 

In the preparation of this discussion, the writer is indebted to 
R. Michel, marine engineer, Bureau of Engineering, Navy De- 
partment, for his able assistance. 


E. L. Ropinson.'! During the last 10 years new installations 
of high-temperature steam piping have definitely gone beyond the 
temperature range throughout which elasticity is preserved, until 
at the present time there are approximately 2,000,000 kw of steam 
turbines in operation at temperatures where plastic deformation 
under stress definitely takes place. Furthermore, most new in- 
stallations are being made at temperatures above that at which 
elasticity may be expected to persist without plastic effects. 

Ten years ago the determination of the elastic reactions and 
the corresponding stresses due to thermal expansion constituted 


11 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem.A.S.M.E,. 
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one of the principal problems in connection with the design of 
high-temperature piping installations. Most modern installa- 
tions are being designed for operation at temperatures at which 
relaxation causes a decrease in elastic stresses as time goes on, 
rapidly at first and then more slowly. On this account, industry 
is confronted with problems of design for which there is little sub- 
stantial background. The authors have made a valuable con- 
tribution toward the solution of these problems. They are care- 
ful to distinguish between yielding and rupture and, for the most 
part, their conclusions are so well qualified as to make it difficult to 
disagree with them. 

In a few respects it is possible that the writer can contribute 
some useful observations. 

The authors favor more than 50 per cent prespringing, but it 
does not seem to the writer that they emphasize the benefits of 
the greater prespringing sufficiently. The attitude is taken that, 
since relaxation results in self-springing, the long-time conditions 
will be the same. However, as they point out, this requires a 
greater amount of permanent set or creep in order to effect the re- 
laxation. 

The results of high-temperature rupture tests conducted dur- 
ing the last 2 years raise a very real question as to whether or not 
it is wise to ask too much of readjustment by means of creep. 
Creep, in itself, is beneficial, but when it leads to a brittle break, 
it does not seem wise to base design upon the expectation that it 
will occur without any deterioration of the material. 

The authors do not discuss the invalidation of elastic analysis 
by the occurrence of plastic deformation. It is, perhaps, unwel- 
come to those who have devoted much high-grade analytical work 
to the determination of elastic stresses in high-temperature pip- 
ing to realize that the reactions fall off and the stress distribution 
alters. On the other hand, it might be pointed out that, if the 
practice of prespringing to the extent of 100 per cent of the ther- 
mal expansion should be generally adopted, the elastic analysis 
would have reality when the piping is cold and strong and when 
the stresses are not combined with pressure. While at high tem- 
perature when the strength is reduced, existing stresses will be due 
to pressure only and not due to the reactions brought into play 
by the prevention of thermal expansion. The writer believes 
that prespringing should certainly be sufficient to assure extremely 
low rates of creep from the beginning. 

Equation [9] of the paper is quoted from Moore and Kommers 
(7) to represent the fatigue strength where the stresses are not 
completely reversed. The tests given in the reference were 
sponsored by the writer’s company and were first reported in 
bulletin form.’* Originally, in presenting this formula Professor 
Moore made a number of qualifying remarks. In particular the 
formula fails as the stress ratio in the denominator approaches 
unity because the tensile strength is almost never 3 times the en- 
durance limit for complete reversal, and a maximum stress be- 
yond the tensile strength should not be implied as satisfactory. 
Where test results are not available, the writer would prefer a 
modified Goodman diagram based upon '/; the tensile strength 
for complete reversal. However, an actual diagram of test re- 
sults for the conditions of application would be better. 

The authors repeatedly refer to the “relaxation limit.’’ As 4 
matter of fact there is no true relaxation limit any more than there 
isa true creep limit. It all depends upon the time. Thus at high 
temperature within a few hours all high stresses decrease rapidly 
to a level at which further decrease is slow. This is what is ac 
complished during a stress-relief anneal. On the other hand, if 
the same process is continued for 1000 hr, the gradual reduction 
of stress proceeds still further, and the residual stress is progres 


12 ‘*An Investigation of the Fatigue of Metals—Series of 1922,” by 
H. F. Moore and T. M. Jasper, University of Illinois, Engineering Ex- 
periment Station, Bulletin No. 136, 1923. 
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sively lower after 10,000 hours and again after 100,000 hours. 

The authors quote Bailey’s conclusion that the relaxation limit 
for 100,000 hr corresponds to the stress causing 0.1 per cent creep 
in that period. The writer doubts the wisdom of such a generali- 
zation. It is much better to have a relaxation test than to try to 
determine bolt performance from a constant-stress test. Several 
simple methods of conducting relaxation tests, as reported by four 
different companies, were described in a report of a Subcommittee 
of the A.S.M.F.-A.S.T.M. Joint Research Committee on the 
Effect of Temperature on the Properties of Metals made in 
1938.18 

The writer’s company has run hundreds of relaxation tests on 
all varieties of high-temperature steels and prefers such tests for 
the prediction of bolt performance and uses them instead of con- 
stant-stress tests for preliminary evaluations of material for high- 
temperature service. In many such tests, the residual stress at 
10,000 hr corresponds closely to the constant stress causing 0.1 
per cent per 100,000 hr, although in so many cases the residual 
stress is far below this level that it is unwise to take the corre- 
spondence for granted. Almost without exception, the residual 
stress for 100,000 hr is far below the stress corresponding to a 
creep rate of 0.1 per cent per 100,000 hr. 

The authors refer to the ‘‘applied stress” for alloy-steel bolting. 
It is always difficult for the writer to visualize the applied stress 
ina bolt. It is easier to think of the bolt as having a measured 
extension when initially’assembled, determined by the length of 
the bolt, the number of threads per inch, and the number of flats 
the nut is turned in tightening up. Technically, a ‘‘strain”’ is 
applied rather than a stress, and even this is not easily measured 
with soft gaskets. The authors suggest applying a stress to pro- 
duce 1 per cent creep in 100,000 hr. The writer believes that an 
initial strain, corresponding to a considerably higher elastic stress, 
is desirable to assure tightness even though relaxation soon re- 
duces it. Bolts may well be taken up 0.1 or 0.15 per cent. How- 
ever, the effective stress remaining in the bolt to keep the joint 
tight after a period of time must be determined from the relaxa- 
tion properties of the material. This will be far less than the 
elastic stress corresponding to the inital setup, although it is not 
quite independent of it. A bolt tightened 2 mils per in. initially 
will be measurably tighter after 10,000 hr than a similar bolt 
first tightened 1 mil per in. 


N. O. Smiru-Pererson.'* The problems involved in such 
calculations as are carried out in this paper are not simple tension 
or bending-stress problems to which there can be only a right or 
a wrong answer. They are complicated and involve many as- 
sumptions as well as a choice of different formulas for their solu- 
tion. In presenting the solutions of these problems in complete 
detail, with formulas, assumptions, and calculated results, it 
becomes possible for others to compare their methods with those 
of the authors. The writer has done so and has obtained results 
differing somewhat from those listed in Table 5, pertaining to 
flange stresses. The difference in amount is not nominal and is 
due to difference in choice of formulas and assumptions made. 
It is the stated aim of the authors in publishing this very thorough 
paper to develop just such difference in methods of calculation, 
and the writer is hereby presenting his methods as they apply to 
some of the problems. 

The writer uses the same formula for flange stresses as the 
authors, namely, the Waters, Rossheim, Wesstrom, and Williams 
formula, presented to this society in 1937. The writer’s reason 
for using this formula, among the many flange formulas in exist- 
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ence, is the fact that it is the only formula which permits calculat- 
ing stresses in the three axial directions, viz., hub, radial, and 
tangential flange stresses. However, before being able to use 
these formulas, it is necessary to make assumptions concerning 
the end-force area, ring contact area (or gasket area), and re- 
sidual-contact-pressure ratio. 

The authors consider the end-force area to extend to the ring 
pitch diameter, the ring contact area to be equal to !/, the 
annular-ring area, and the residual contact pressure to be 5'/; to 1. 

The writer follows the A.S.M.E. Boiler Code regulation in con- 
sidering the end-force area to extend to the outside diameter of 
the ring. The contact area is accurately calculated according to 
the sloping surfaces of the ring, and the residual contact pressure 
is taken to be 6 to 1. 

This difference in calculations gives approximately 10 per cent 
higher flange stresses for a 24-in. 1500-lb flange than those listed 
by the authors in Table 5, items 14, 15, and 16. 

These differences are largely in assumptions in that the same 
flange formulas are used. However, a formula difference also 
exists between the authors and the writer when it comes to calcu- 
lating the transmission of pipe-line bending moments by a bolted 
flanged pipe joint. 

The authors consider such bending moments to be transmitted 
directly to the flange bolts and, hence, use the section modulus of 
the bolt arrangement in the joint to obtain the total preloading 
bolt stress required for maintenance of joint tightness. 

The writer believes that no bending-moment action can be 
transmitted to the flange bolts until the contact pressure on the 
ring has been completely absorbed (leak condition) and that, 
therefore, for a tight joint, where the existence of a residual con- 
tact pressure on the ring is required, the bending moment will 
affect directly the ring-contact pressure and not the bolt stress; 
hence, the ring section modulus is involved in obtaining the total 
preloading bolt stress. 

In explanation of this latter theory, which does not take into 
account elastic effects, consider the universally accepted manner 
of calculating the required preloading of a ring in order to insure 
joint tightness when an end force is exerted upon it. The uni- 
versally accepted way is to assume the end force, a tensile force, 
to be transmitted directly to the ring contact surfaces and there 
to reduce the existing contact pressure. The end force is not 
considered as being transmitted to the flange bolts and, therefore, 
does not cause any change in the bolt stress. Similarly, a bend- 
ing moment, which on one side exerts a tensile force, should not 
be conceived of on that side as affecting the bolt stress, but should 
be conceived of as here reducing the contact pressure. On the 
other side, the compression side of the bending moment, the con- 
tact pressure is, of course, increased. Therefore, to calculate the 
amount of such decrease and increase in the contact pressure, 
the section modulus of the pressure area is required to be used 
and not the section modulus of the bolt arrangement. After cal- 
culating the contact-pressure changes due to a bending moment, 
the calculation of the required bolt stress is then undertaken. 

The writer’s method leads to an 18 per cent higher flange stress 
than those listed under items 17, 18, and 19 of Table 5, for a 24- 
in. 1500-lb flange. 

These percentage differences in calculated stress results are not 
nominal, and it is to be noted further that the basic flange 
formulas used by the authors and the writer are the same. Were 
there any differences in the choice of these formulas, the percent- 
age differences in calculated results would be greater yet. The 
situation, therefore, seems to call for the adoption, by code-mak- 
ing authorities, of flange formulas and calculating methods in 
general, as well as allowable stresses. The authors’ paper makes 
this also evident throughout and is an excellent exposition of the 
whole pipe-line problem. 
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AUTHORS’ CLOSURE 


The authors acknowledge their debt of gratitude to the many 
discussers who, by their interesting comments, have materially 
added to the value of this paper. Considering the relative 
novelty of the subject dealt with, it is gratifying to note fair agree- 
ment on the basic conclusions and, consequently, the closure can 
be limited to the clarification of certain points brought out in the 
discussions. 

While the discussion of the theory of calculating a pipe line for 
flexibility has purposely been excluded from this paper, Mr. de 
Jonge’s reminder that much is still to be learned on this subject is 
not untimely. However, the assumptions usually made are on 
the side of safety and the available methods of calculation, if ap- 
plied by competent engineers, are entirely satisfactory for engi- 
neering use. 

The main issue, that of allowable stresses for pipe-bend calcula- 
tions, has received wide comment. Professor Marin has con- 
tributed a study of the triaxial state of stress and its implications. 
The Hencky-Mises theory is advocated as a stress criterion by 
Professor Hovgaard, Lieut-Com. Pendleton, and, in the verbal 
discussion, by Mr. Soderberg, whereas Mr. McCutchan favors 
the maximum-shear theory. While it is conceded that a mat- 
ter of principle is involved, either failure criterion appears 
adequate considering the present undeveloped state of our know]l- 
edge. As pointed out by Mr. Robinson, the authors have 
avoided more than passing comment on the invalidation of the 
elastic analysis by the occurrence of plastic deformation. They 
felt justified in slighting this aspect by the fear of confusing the 
issue which is to define workable rules for evaluating the flexibility 
of piping. Again, the redistribution of stresses due to creep and 
the phenomenon of relaxation are in favor of the structure, and an 
elastic analysis gives the limits of stress through which the 
material goes in each cycle of change from the elastic to the semi- 
plastic and ultimately, in extreme cases only, the fully plastic 
state. 

On the other hand, the authors gladly comply with Mr. Robin- 
son’s request to lend added emphasis to the injunction to use pre- 
springing in excess of 50 per cent. Appreciation of the benefits 
obtained from cutting a line short is growing steadily, and we 
would assume that this will soon be general practice. The 
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authors have used the following rough rule as a guide in setting 
the desirable amount of prespring s: 


S,/E +8',/E’ 


28,/E + S',/E' 


>s< 


In order to understand the significance of this formula, it 
should be remembered that S 4, the bursting stress specified in the 
codes, corresponds to 40 to 50 per cent of the yield point cold; and 
S', either corresponds to the same percentage of the hot yield 
point or to from 80 to 100 per cent of the stress producing 1 per 
cent creep in 100,000 hr, which can be considered the virtual re- 
laxation limit (in the same sense as Lieut. Dennison defines the 
‘virtual’ endurance limit). EF and E’ are the cold- and hot- 
elasticity moduli, respectively. Since the allowable stress range 
for a prespring s in excess of 0.5 is S, + S’4, the lower limit of s 
in the formula gives a stress of S, cold and S’, hot, or a range 
between, roughly, one half the cold yield point and one half the 
hot yield point or, for elevated temperatures, the relaxation limit; 
this state of stress will also be produced in an unsprung bend (at 
temperatures involving creep) after a period of operation produc- 
ing complete relaxation. The upper limit of s, which should be 
approached in particular for high-temperature applications, places 
the average stress midway between the yield point at room tem- 
perature and the virtual relaxation limit, thus reducing the operat- 
ing stress. The formula gives presprings between 50 and close 
to 100 per cent, depending upon the material strengths at room 
and operating temperatures. 

Mr. McCutchan favors reduced stresses at bolted joints. While 
the authors agree that bolted joints should receive special atten- 
tion, their experience is that a reduction in allowable stress is not 
generally necessary with ring-type-gasket joints. Actually, the 
stress specified at the bolted joint would govern the entire piping 
design, since maximum moments usually occur at the connections 
to equipment where bolted joints are normally located. Mr. 
Smith-Peterson’s comments on the detail calculations of the 
flanges have been found interesting, and the authors agree that it 
would have been more proper to base their investigations of the 
effect of bending moments on the ring section modulus in place 
of the section modulus of the bolting. 
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Properties and Performance of 


Plastic Bearing Materials 


By L. M. TICHVINSKY,' EAST PITTSBURGH, PA. 


Bearings made of plastic materials can be used success- 
fully not only for the case of perfect fluid lubrication but 
also for that of semifluid lubrication. Certain additions, 
such as graphite, will sometimes permit the application 
of these materials under conditions of dry friction. 

By virtue of good physical properties these bearings 
find a wide application. Heavy-duty plastic bearings are 
used in the steel-mill industry. Lubricated and cooled 
with water, they carry heavy loads at pressures of several 
thousand pounds per square inch. As guide bearings 
their performance ranges from small, high-speed spindles, 
to large ship-propeller shafts. Oil-, water-, and grease- 
lubricated plastic bearings are used extensively in indus- 
trial, marine, and farm machinery. 

There are many differences in the behavior of plastic 
and metal bearing materials by virtue of which the per- 
formance is also different. This article intends to point 
out the most important physical properties, as well as 
some of the characteristic performances of plastic bearing 
materials. 


plication of various kinds of bearing materials bonded with 

synthetic resin. The industry in this country became in- 
terested in these materials mainly because of some qualities 
superior for certain applications to those found in bearing metals 
and alloys. An extensive development and application of plastic 
bearing materials abroad was and is due primarily to the lack of 
basic bearing metals. 

This article describes the bearing materials bonded with syn- 
thetic resin. Rather complete data are given on the laminated 
materials, including physical properties as well as the results of 
various bearing performance tests. This information was 
gathered from various domestic and foreign technical and scien- 
tifie publications, as well as from testing in the author’s labora- 
tory. 


r | NHERE are many reasons for the increase in the use and ap- 


Types or SYNTHETIC RESIN-BONDED BEARING MATERIALS 


All bearing materials bonded with synthetic resin can be di- 
vided into three types in accordance with their internal structure. 

| The bearings of the first type are made from various plain 
or graphitic molding powders. Numerous kinds of bearings for 
light and medium load applications are made from these ma- 
terials. Guide bushings for high-speed spindles, or gland ma- 
terials for sealing purposes, are typical examples of the use of this 
material; these bearings perform under all types of friction, 
namely, dry, boundary, and fluid. The application of these ma- 
terials is rather limited because, as they are very brittle and 
fragile, impacts of even small magnitude may cause failure. 
Those made of graphite powder have a rather high heat-transfer 
coefficient. 
_,' Research Laboratories, Westinghouse Electric & Manufacturing 
Co. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, Philadelphia, Pa., December 
4-8, 1939, of Taz American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


2 The second type comprises the most important and widely 
used bearings. Such bearing material is obtained by molding 
at high pressure and temperature sheets of woven textile fabric 
treated with an organic binder. Synthetic resin of the phenol- 
formaldehyde type is usually used in the manufacture of lami- 
nated bearing materials. The molding is done in hydraulic presses 
(pressure varies from 1200 up to 2200 psi) at temperatures rang- 
ing from 120 to 180 C (1).2_ Under the combined action of heat 
and pressure the resin softens or melts and undergoes a further 
chemical reaction, resulting in a material which no longer is fusi- 
ble. By this action the filler (cuttings, laminations, and the 
like) is permanently bound. The desired thickness for the final 
product determines the duration of this operation. It may last 
from 10 minutes to 30 hours. 

Laminated bearing material is strong and tough. Bearings 
made of such materials perform efficiently when lubricated with 
water in which case the latter serves as lubricant and as a cooling 
agent. Almost any liquid (except strong alkalies) can be used, and 
although it might be recommended sometimes to add a lubricant, 
e.g., tallow or suitable emulsion, to the water, these bearings do 
not require oil or grease (2). 

3 Bearing material of the third type is based on an internal 
felt-like structure. It is obtained by impregnating a felt of fibrous 
fillers consisting of cellulose fluff, linters, and similar materials. 
The resin is generally precipitated from a thin aqueous solution 
(sodium hydroxide) on and in the felt-forming fibers. 

These materials range in their physical properties between the 
brittle powder moldings and the extremely tough and strong 
laminated materials, 


PROPERTIES OF SYNTHETIC RESIN-BONDED MATERIALS 


Laminated materials are the most important in bearing appli- 
cations as already mentioned, therefore most of the information 
pertaining to the physical properties will be given in connection 
with these materials. 

(A) Modulus of Elasticity. The modulus of elasticity, or 
Young’s modulus, gives the relationship between stress and strain 
in the elastic region. It defines the amount of strain under load 
and, therefore, enables one to determine the deflection. 

In connection with the materials in question, for a long time the 
value of the modulus of elasticity was found to be equal to 1.0 x 
10® psi (2). However, methods were devised through which the 
use of artificial silk, cotton, and many other fibers resulted in the 
increase of the value of the modulus of elasticity up to 1.8 x 106 
psi (3). 

Many of the synthetic bonded materials were developed in con- 
nection with their extensive use by the electrical industry. 
Through a change in the molding pressure alone it is possible to 
attain a considerable increase in the modulus of elasticity. This 
is clearly shown in Table 1 (4). 


TABLE 1 
Molding pressure, psi...... 2300 4600 9200 
Modulus in tension, psi.... 0.72 X 10 0.85 X 10® 1.03 X 106 
Modulus in bending, psi... 0.78 K 108 0.91 K 10® 1.14 X 108 


According to Riechers (4) the values of the modulus of elasticity 


* Numbers in parentheses refer to Bibliography at end of paper. 


461 


Sin! 
Ore 
| 
| 
* 
| 
| 
Re: 
FRE 
| 
x 
| 
i 


462 


for molded resinoid materials with various fillers are given in 
Table 2. 


TABLE 2 
Filler Modulus, psi 
(0.8 -1.17) X 108 
Organio textile.............. (1.32-2.35) 106 
(1.32-2.2 ) 108 


In the case of Micarta* tubing where the fabric during rolling 
is maintained in tension, the modulus of elasticity reaches a value 
of about 3.0 X 108 psi. 

(B) Compressive Strength. For bearing application the com- 
pressive strength of these materials is important. 

Compressive strength, as well as such properties as ultimate 
tensile strength and shear strength, can be increased by improved 
fabric filler as can be seen from Table 3 (8). 


TABLE 3 
Ordinary 
fabric-filled Improved 
Lb per sq in. phenol resin fabric filler 
Compressive strength, psi.... 25,000 27,000 
Ultimate tensile strength, psi. 11,000 27,000 
Shear strength, psi.......... 4000-7000 6000-7000 


[The compressive strength is usually given for laminated materials 
in two directions: right angle to laminae and parallel to laminae, as 
illustrated by the accompanying sketch. ] 


| DIRECTION OF | 
LOAD 


FLAT WISE EDGE WISE 


In Table 4 data on the compressive strength are given. 


TABLE 4 COMPRESSIVE STRENGTH OF LAMINATED 


MATERIALS 
Flatwise, psi Edgewise, psi According to 
40-—45,000 20-24,000 Eyssen (2) 
45—50,000 30-35,000 Rochester (5) 
30-45,000 Smyth (6) 


(C) Heat Conductivity. In this property all synthetic resin- 
bonded materials are inferior to white bearing metals. However, 
some improvements in this property have to be mentioned, 
especially those achieved during the last year. About a year ago 
one could say roughly that bearing plastic materials showed a 
heat-conductivity coefficient which is 100 times smaller than that 
of a tin-base white metal (0.845 w per sq in. per deg C per in. for 
babbitt). By reason of improvements made it can now be said 
that this ratio has decreased about one half. 

The thermal conductivity of ordinary Micarta is taken as equal 
to 0.007 w per sq in. per deg C per in. Micarta for bearing ap- 
plication (I and II) has higher thermal conductivity as shown in 
Table 5. 


TABLE 5 
Bearing Micarta I, w per sq in. per deg C perin... 0.0099 -0.01 
Bearing Micarta II, w per sq in. per deg C perin.. 0.00925-0.01 


Eyssen’s (2) published data vary between 0.0045 and 0.0059 w 
per sq in. per deg C per in. for laminated products, and between 


3 ‘*Micarta”’ is a trade name for a plastic material. Other mate- 
rials of the same general class are Textolite, Formica, etc. 
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0.0077 and 0.0089 w per sq in. per deg C per in. for moldable ma- 
terials based on felts of impregnated nonoriented fibers. 

According to Richardson (7) the thermal conductivity of 
phenolic-plastic bearings is approximately 0.0072 w per sq in. per 
deg C per in. 

Erk (8) gives a table of the thermal conductivity in a number of 
the “Kunstharz.’’ In the phenol group there are some with 
thermal conductivity as high as 0.020, 0.021, and 0.023 w per sq 
in. per deg C per in. 

In an endeavor to increase the thermal conductivity of Micarta 
and at the same time to improve friction qualities, a new method 
was developed for the manufacture of graphited Micarta. The 
thermal conductivity of this material was found to be equal to 
0.015 w per sq in. per deg C per in. The heat conductivity of 
synthetic resin-bonded materials will never be of the same order 
as that for white bearing alloys. Certain developments in the 
methods of manufacture may still improve this property without 
impeding the others. 

(D) Other Properties. The coefficient of expansion for the 
laminated product consisting of sheets of heavy square-woven 
duck bonded together by means of a synthetic resin of the phenol- 
formaldehyde type is 0.00002 per deg C per in. (6). 

The specific gravity of the synthetic resin-bonded materials 
varies between 1.25-1.40. For general calculation it can be 
assumed that 1 cu in, weighs 0.05 lb. Oil absorption is negligible 
for practical purposes while water absorption was found to vary 
from 0.5-0.8 per cent when a test piece (2 K 2 X '/2 in.) was 
submerged in water for 24 hr (2). 

The Brinell hardness of synthetic resin-bonded materials was 
determined by Rochester (5) as 30-42, by Smyth (6) as 35-42. 


PERFORMANCE OF SYNTHETIC RESIN-BONDED BEARINGS 


The performance of all synthetic resin-bonded bearings is 
limited, as in the case of bearing metals and alloys, by the 
maximum allowable temperature of the bearing materials. The 
heat conductivity of the synthetic resin-bonded materials is 
lower than that of bearing metals. Therefore, such efficient cool- 
ing is required by which maximum amount of heat generated by 
friction can be removed by the circulating lubricant. An example 
of this is shown in Fig. 1. Such a bearing being lubricated and 
cooled with water performs at low speeds and medium loads. 
The sketch shows the arrangement of cooling and also the loca- 
tion of the high-pressure water inlet. This bearing is not operat- 
ing in the boundary region at the starting and stopping periods 
because the high-pressure pump forces water into the bearing 
clearance. 
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TABLE 6 FINAL BEARING TEMPERATURE C AND re OF 
FRICTION MEASURED AFTER 2-HR-20-MIN RU 


(According to Heidebroek) 


two materials tested showed approximately the 
same performance, the values of the coefficient of 


Clearance Bearing pressure = 22 ps Bearing pressure = 155 psi friction being slightly higher for material No. 1 than 

toe 57.1 19.1 57.1 for material No. 2. In Table 7 some of the char- 

0.00175 SI. 60.5 66.5 780 55.0 65.5 74.5 85.0 The performance of wound bushings impreg- 
0.0020 nated by cresol is given in Figs. 3 and 4. The 
| 0.0247 0.0267 0.0263 0. 0.0058 0.0060 0.0061 0.0062 


CNT 


The softening of the synthetic resin-bonded materials varies 
with type and grade of the bond. In this respect it is of interest 
to note some remarks by British authors pertaining to working 
temperatures of bearings. Smyth (6) indicated a safe working 
temperature of 100 C and an actual temperature of 150 C at 
which the material is unaffected. Rochester (5) recommends a 
maximum working temperature of 60-80 C. He mentions that 
the maximum allowable running temperature for short periods 
might reach 250 C. It is self-evident that high, localized tem- 
peratures might reach rather high values, not only in the region 
of dry or boundary friction, but even during perfect fluid lubri- 
cation (9). In Table 6 data are given for a series of tests (10) dur- 
ing which the final bearing temperature and the values of the 
coefficient of friction were measured as a function of peripheral 
velocity, clearance ratio, and pressures of 22 and 155 psi. The 
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bearing material was made of resin-impregnated cotton-cloth 
cuttings. A flow of light turbine oil varied between 0.238-0.715 
gpm. The amount of circulating oil showed a tendency to in- 
crease with increasing clearance. Results of these tests indicate 
that the lower the bearing clearance ratio the higher is the run- 
ning temperature, and the lower is the value of the coefficient of 
friction. For this reason it is advisable to provide the bearings 
with chamfered grooves, so that a large amount of lubricant 
may be admitted not only for lubricating purposes, but also for 
more efficient cooling. Another investigation was carried on dur- 
ing which the performance of various bearing materials was 
studied on a specially built test machine (11). The values of the 
coefficient of friction of two materials are plotted on Fig. 2 as a 
function of peripheral velocity for pressures of 450 and 1500 psi. 
The bearing bushings were 3%/s in. diam, 15/s in. long, and were 
machined with a 0.0028 in. per in. clearance ratio. A light oil 
having 80 Saybolt sec at 100 F and 49 Saybolt sec at 150 F was 
fed into the bearing housing at 25 C and a rate of 0.26 gpm. The 


TABLE 7 
Kind Molding Molding 
Mate- of Resin, time, temp, Additional 
rial resin percent Structure min Cc treatment 
No.1 Phenol 50 Cloth cuttings 45 165 10hrat80C 
No.2 Phenol 45 Cloth cuttings 20 165 S8hrat125C 
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Fie. 4 VARIATION oF Heat Losses AND SHAFT TEMPERATURE U Pon 
THE BEARING PRESSURE AND PERIPHERAL VELOCITY 


pressure and peripheral velocity is given in Fig. 3, while the 
variation of the heat losses and shaft temperature with pressure 
and velocity is given in Fig. 4. 

These bearing tests were made at the same conditions as the 
tests of bearing materials given in Table 2. From Fig. 3 it is seen 
that the value of the coefficient of friction shows less variation 
at high loads at which it approaches some constant value. By 
diminishing the load, the values of the coefficient of friction rise 
rapidly. In the region of maximum pressures around 6000 psi the 
values of the friction coefficient lie between 0.002 and 0.005. 
More heat is being removed in the oil at higher peripheral veloci- 
ties than at the lower, as can be seen in Fig. 4. It can also be 
noted that the slope of the shaft temperature is about the same as 
that of the heat losses. These shaft temperatures were recorded 
at steady-state conditions by means of a thermometer inserted 
in the journal hole specially drilled for this measurement. 

All bearing surfaces must be well run in before optimum fric- 
tion conditions are established. This is especially true for the 
case of bearings made of plastic material, where the running in 
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must be done carefully and skillfully. It is found (1) that the 
best scheme for running in plastic bearings consists in loading the 
bearing gradually at low speeds until full load is reached and then 
bringing the journal by steps to full speed. If the load be applied 
too quickly the excessive heat generated on the sliding surfaces 
might cause seizure. By frequent loading and unloading at 
various speeds the plastic bearings finally become insensitive 
to pressure increase as they become better fitted to the journal. 
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Fie. 5 RunninG-IN PERFORMANCE OF A LAMINATED BEARING 


The bearing can be considered well run in when the originally 
light-colored and finished areas disappear and form a light- 
colored, mirror-like, uniform surface. The bearing friction and 
temperature, which at the beginning were high, decrease con- 
siderably at the end of the running-in period. This period usually 
requires several days and can be substantially reduced by good 
machining of the sliding surfaces. Such running-in performance 
is very well represented graphically in Fig. 5. A bearing with 
tex’ .le laminae perpendicular to the axis, impregnated with cresol, 
was run in on a testing machine with forced-feed oil lubrication 
during 110 hr. The bearing pressure was increased in steps of 
75 psi after steady-state conditions were reached. The friction 
torque and temperature increased gradually with the loading 
until at a pressure of 370 psi they rose suddenly and the journal 
speed dropped rapidly. After a few minutes, however, the torque 
and temperature readings decreased and their values slowly 
reached lower readings than previously recorded. By a further 
similar loading procedure the torque and temperature rose again 
as may be noticed in Fig. 5. Ata pressure of 800 psi the torque 
and temperature reading went again off scale and the journal 
slowed down. After a few minutes the torque and temperature 
decreased again and rose slowly with increased load. The vari- 
ation of the coefficient of friction may be seen also on the curve. 

An article published recently on the performance of railway 
bearings (12) also points to the importance of running-in per- 
formance. This is done in connection with laminated textile ma- 
terial impregnated with cresol resin (65 per cent resin content). 
This running-in period is artificially accelerated by removing the 
upper layer of the bearing surface and polishing it by means of 
a special bushing having the same diameter as the bearing 
journal. As shown in Fig. 6, such bearing before the surface 
layer is removed performs with a value of the coefficient of fric- 
tion which is in the boundary region. At a pressure of slightly 
over 400 psi the bearing seized. However, the same bearing after 
the upper bearing surface was removed and polished performed 
satisfactorily at much higher loads in the region of fluid film 
lubrication. These tests were carried on several bearings at 
peripheral velocities of 1.6 and 3.2 fps. Bearing temperatures are 
also plotted in Fig. 6. Optical measurements of bearing surface 
finish were made (13) on new and worn bearings; this, it is 
hoped, will help in further study and improvement of the per- 
formance of synthetic resin-bonded materials made for bearings. 
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This is especially so since finish measurements of journal surfaces 
are now made (14, 15) and the performance of bearings can be 
elucidated also from this important point of view. 

Fig. 7 indicates that the performance of a grease-lubricated 
Micarta bearing is approximately identical with that of an oil- 
lubricated babbitt bearing, both in the boundary region. These 
tests were made at various pressures and peripheral speeds while 
using a 2'/,-in-diam bearing bushing 2 in. long. Fig. 8 shows 
the results when another type of Micarta bearing material 
lubricated with grease was tested at various loads and speeds. 
The friction properties of synthetic resin-bonded materials can 
be improved by various additions. The variation of the coef- 


ry tu T T 
] POLISHED BLARING SURFACE 
' \ baa PERIPHERAL 
eo 
a 
4 be 4 
He 
' = 4 
Bea 
4 4 fie 
faz 
60 
200. 400. 600. [200 MOO 1000 
POUNDS : 
BEARING PRESSURE 


ACCORDING TO MAAELT 


Fie. 6 BEARING PERFORMANCE OF RAILWAY BEARINGS 


(Material: laminated textile sheets ~~ as with cresol 
65 per cent resin. 


42 ms T v 
\ ARTA nem PR 

\\ + 300 | 280 
v | wo 


SEMIFLUTD LUBRICATION 7 


COEFFIOENT OF FRICTION-f 
8 
4 
4 
TAs 


4 
q 

22 

4 

° 400 600 

5 

POUNDS/NCH 


Fig. 7 COMPARISON OF FRICTION OF GREASE-LUBRICATED MICArTA 
AND O1L-LUBRICATED T1n-Base BEARINGS 


MICARTA BEARING 
GREASE LUBRICATION 


Fig. 8 VARIATION OF THE or Friction WiTH 
RIPHERAL VELOCITY AND PRESSURE 


th 
| 
| 
| 
| 
| 
| 
| 
é 
| 
| 
| 
: 
gat 
_ 040 aut 
T PERIPHERAL SPEED PM. 
our 
hor 
| 
q 


ARTA 


TICHVINSKY—PROPERTIES AND PERFORMANCE OF PLASTIC BEARING MATERIALS 


ficient of friction depending upon such additions is shown in Fig. 
9. These experiments were made on the machine previously de- 
scribed by the author (14). All bearings tested were run in for 
a few hours with a small amount of lubricant. Its supply was 
then shut off and the values of the coefficient of friction and of 
the temperature were recorded for different pressures. The 
standard Micarta, as can be seen, performs with a higher friction 
and temperature. Additions of mica and tale decrease both the 
friction and the temperature. A marked improvement is ob- 
tained when hard graphite is added to Micarta; the values of the 
coefficient of friction are low and so is the temperature, due to the 
improved heat conductivity as mentioned previously. 
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Fie. 10 INFLUENCE oF AppiTIONS Upon THE WEAR 


The wear properties of the same materials were also investi- 
gated on the wear-testing machine previously described by the 
author (16). The principle of the machine is sketched in Fig. 10. 
The rotating test specimen A is pressed on the rotating and 
oscillating outside surface of a hard disk. A small jet of water 
is played upon the disk for removing the heat. The loss in weight 
of the specimen gives a comparative measure of wear. The addi- 
tion of aluminum oxide greatly improves the wear qualities of 
Micarta. The rate of wear of the standard Micarta is approxi- 
mately the same when hard graphite and mica are added to it. 

The foregoing data and several performance examples, it is 
hoped, will assist a designer in his work when selecting and 
Specifying synthetic resin-bonded bearings. Being made of a 
comparatively new material, the plastic bearings now find more 
and more application. The continuous development of the ma- 
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terial itself and studies of its performance which are carried on by 
a combined force of chemists, physicists, and engineers will result 
undoubtedly in many more improvements and in wider applica- 
tion. 
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Discussion 


Cart Ciaus.‘ The author mentions that appreciation of 
plastic bearing materials is not caused by lack of basic bearing 
materials but by advantages in certain applications. These 
seem to be confined to installations where it is possible to carry off 
frictional heat by water or oil which act as coolants and lubricants. 
There is little objection to this method in rolling mills where op- 
erators have long been accustomed to these conditions. 

The author states that bearings made from graphitic molding 
powders show a better heat conductivity, but that they are ex- 
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tremely brittle. A familiar bearing used for several decades con- 
sists of a metal shell with graphite inserts. This combination of 
the conventional metallic-sleeve bearing with the plastic graphite 
dissipates the heat satisfactorily without a cooling liquid. The 
metallic structure gives proper support to the graphite. A well- 
known application is the trolley bushing of streetcars for which 
no better bushing has as yet been found. The constant jars of 
the trolley pole do not loosen a well-bonded plastic aa in 
this and other applications. 

Another bearing somewhat related to plastic bearings is the 
porous-metal bearing. It is manufactured by the cold pressing 
of metal powders. Instead of using a resinous binder it is sin- 
tered and obtains a strength and ductility not approached by the 
resin-bonded bearing. Its heat conductivity is excellent and its 
porosity is used for storing lubricant in its structure. 

By using hard graphite in the author’s tests with Micarta a 
“marked improvement” was found in reducing the coefficient of 
friction and the operating temperature. It would be interesting 
if the terms “hard graphite” and “soft graphite’ were explained, 
as well as the effect of the different kinds of graphite. Fig. 10 of 
the paper shows more wear for soft graphite than it does for hard 
graphite. 

The condition of the shaft before and after the test is also of 
interest. Graphite has a tendency to fill up depressions of the 
shaft surface and make it smoother. Unless a pure graphite is 
used it may also act as a polishing agent which will rub off high 
spots. 

Aluminum oxide is reported to have improved the wear quali- 
ties of Micarta in a test shown in the testing machine, Fig. 10. 
This material is an abrasive which may have smoothed the 
contacting surfaces. It was apparently firmly imbedded in the 
molded test specimen and may have acted as a lapping com- 
pound, which wears down the shaft or disk rather than being 
worn down by them. 

An interesting observation can occasionally be made on oil- 
impregnated wooden bearings which may wear down a steel shaft 
when abrasive dust embeds itself into the wood. As a result of 
such a condition the soft-wood bearing shows no wear but the 
shaft does. 

In conducting the tests the author has found it necessary to 
run in the bearing surfaces carefully for hours. The designing en- 
gineer quite naturally wonders what may happen to a bearing 
which he specifies and which will assuredly not receive such ten- 
der care. Since two bearings are mostly used to support a shaft, 
the question of misalignment will also have to be considered. 
Misalignment can easily result in failure at the start when exces- 
sive pressure prevails over a small area. 

The difficulty with testing machines for bearings seems to be 
that they do not duplicate operating conditions. Results ob- 
tained from them cannot be applied to cases which vary from 
those of the individual testing machine itself. In the ideal sleeve 
bearing the load is supposed to be carried by an oil film, and a 
wearing down of bearing material and shaft should be impossible 
without contact between them. 

As a result of the limitations of the bearing testing machines, 
most engineers reluctantly turn to comparative tests of bearing 
materials in commercial applications such as electric motors, auto- 
mobile engines and their accessories, etc. 

Performance tests under operating conditions rather than ac- 
celerated breakdown tests give us the only reliable answers to our 
bearing problems. Even then results are greatly influenced by 
numerous conditions outside of the bearing material itself. 

The hardness and finish of the shaft, the degree of misalignment, 
and particularly the lubricant between the shaft and the bearing 
are often of even greater importance than the bearing material 
itself. 
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H. A. Everett.® I[t is an axiom in research work that wherever 
possible the actual points for observed data be shown when 
curves are presented. The author has been meticulous in this re- 
spect in all of the illustrations in his paper except Fig. 2. Will 
he be kind enough to let us have the observed data points for that 
figure, as there seems to be a surprising and gregarious change in 
the coefficient of friction with increasing speed. 


E. F. Heer.’ Limited investigations have been conducted on 
the graphites used in bearings. While experience thus far has 
not been sufficiently comprehensive to arrive at definite conclu- 
sions, the fact is definitely indicated that for each class of bearing 
there probably is at least one type out of the several varieties of 
graphite which is superior to others. 

Following the author’s division of the subject we shall first dis- 
cuss bearings made from various plain or graphitic molding pow- 
ders. Since it is the purpose of the graphite to supply a lubrica- 
tion factor, it is important to have a complete distribution of the 
graphite throughout the molding powder in the ratio desired in 
order to supply a constant coefficient of friction. At the same 
time, it is equally important to make sure that the structural 
strength of the bearing is not weakened. This immediately 
brings up the consideration of —What effect, if any, does the par- 
ticle size of the graphite have on the performance of the bearing 
in service and does the particle size influence the internal strength 
of the bearing? Further consideration must also be given the 
question as to whether or not the particle size of the graphite in- 
fluences the molding characteristics of the bearing. What effect 
does loading have on the finished product? 

It is conceivable that the internal strength of a plastic will be 
affected by the relation of binder to inert material. If such is the 
case, the embrittlement mentioned by the author may be attri- 
buted to overloading with graphite or other inerts (by inerts is 
meant any nonplastic ingredient). 

It would seem to be equally important to study the perform- 
ance of bearings formed from resin in which dry flake graphite 
has been used as opposed to bearings formed from resins which 
have been treated with colloidal graphite in either an aqueous or 
organic carrier. 

As mentioned, some experience along these lines has already 
been had, sufficient to indicate that there is a relation between 
the particle size of the molding powder and the particle size of the 
graphite to be used, if admixture of the graphite and resulting 
friction properties are to be constant. 

A study of the particle size of the molding powder examined 
under a low-power microscope indicated that the small particles 
are rod-like crystals about 20 mu in diam and from 80 to 100 mu 
in length. These are held together in agglomerates with a binder 
making up particles which range in size up to '/s in. diam. Its 


the writer’s opinion that, with molding-powder particles of this | 


nature, it is almost imperative to have the graphite particles 0 
suitable size to maintain proportionate distribution of graphite to 


produce a homogeneous finished product. If large particles o 
dry powdered graphite surround the finer particles of molding 
powder, the proportion of graphite to molding powder will prob | 
ably be greater than is desired and a weakness in structural | 4 
strength would probably result. On the other hand, if the largest | 
of the particles of molding powder are to bear their a 
of graphite in the form of a coating, it becomes necessary to uses f 
form of graphite other than a dry powder, for obviously it is mos — 
difficult to maintain the proper proportion of dry powdered graph 


5 Head of Department of Mechanical Engineering, The Penns 
vania State College, School of Engineering, State College, Pa. Meo | 
A.S.M.E. 

6 Sales Research Department, Acheson Colloids Corporation, Pot f 
Huron, Mich. 
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TICHVINSKY—PROPERTIES AND PERFORMANCE OF PLASTIC BEARING MATERIALS 


ite adjacent to and in contact with these large particles of mold- 
ing powder. Experience thus far has indicated that graphite, 
the range of particle size of which lies well below the ordinary 
fine-mesh powders, when dispersed in a suitable organic fluid, 
will give much better distribution of the graphite throughout the 
mass of molding powder and will enable the graphite to be at- 
tached to all resin particles regardless of size of the latter. The 
organic solvent can be disposed of by evaporation which leaves 
the molding powder in discrete particles not cemented together 
but at the same time properly coated with graphite. 

With respect to the second and third types of bearings men- 
tioned by the author, namely, the laminated type, we would again 
submit for consideration the selection of the graphite to be used 
for impregnating the textiles and the methods which should be 
adopted. A study should be made of the effect of overloading the 
textile fabrics with graphite as well as a study of impregnating 
the fabrics with a colloidal dispersion of graphite as compared 
with fabric which has been treated with powdered graphite. 
These studies, of course, would not be complete without a further 
study concerning the variations produced by treating the fabrics 
with aqueous and organic liquid dispersions of graphite. 

Much that has been said with respect to molding powders of 
course applies to impregnating fabrics, inasmuch as particle size 
is of prime importance; also distribution of the graphite through- 
out the fabric to supply properties which will be constant. In 
dealing with fabrics, as is the case with molding powders, the 
wetting properties of the graphite dispersions are also of great 
importance. Some experience has already been had in connec- 
tion with fabrics. It has been found that dispersions of graphite 
in aqueous as well as organic liquid dispersions are quite useful. 
Furthermore, a selection of particle size is important because 
there must be the proper relation between the particle size and 
the fibers used in the fabric, also the coarseness of the mesh of the 
woven fabric. The limited experience thus far indicates that, 
among the methods which can be used to impregnate the tex- 
tiles with graphite, the one which appears to hold greatest promise 
is the immersion of the fabric in a dispersion of graphite in water 
or suitable organic solvent. The content can be closely con- 
trolled by using colloidal dispersions of graphite in these fluids 
for submerging the fabric for a given length of time. The graph- 
ite content together with the time involved in keeping the fabric 
submerged contributes to a homogeneous result and the propor- 
tion of graphite to the fabric can thereby be controlled and, of 
course, varied according to requirements. 

From the paper it may be concluded that the initial run-in pe- 
riod is a predominating factor in the life of the bearing. If that 
is the case, it is apparent that a study should be made of the be- 
havior of such bearings where water is used as the lubricant. 
Such study should determine the effect or what can be accom- 
plished by introducing an aqueous lubricant, consisting of a col- 
loidal graphite dispersed in water, into a circulating system for 
delivery to the bearing during this run-in period. This tech- 
nique, in the opinion of the writer, should be valuable particularly 
in locations where the water used to lubricate the bearing is very 
high in mineral content. 

In conclusion the writer should like to emphasize by repeating 
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that experience thus far definitely points to the desirability of 
using graphite of fine particle size dispersed in suitable fluid car- 
riers in order to produce homogeneous distribution of graphite 
throughout the bearings, thereby giving the bearings constant 
friction properties. 


W. Trinks.? The writer has often wondered why composi- 
tion bearings are called “plastics,” when they are as hard and 
brittle as a piece of coal. Even less success has attended the de- 
termination of the origin of the word ‘‘Micarta.”” It seems to in- 
dicate that the bearing material contains, or at some time did con- 
tain, mica. Can the author supply any information on these 
questions? 

A great deal of information is given in the paper on strength of 
Micarta in different directions. This brings to mind the question: 
Why is Micarta made in layers? The writer is familiar with at 
least one material in which the shredded cotton fibers are mixed 
with the uncured phenolformaldehyde and the mass cured as a 
solid block. If the block of composition is not sufficiently strong, 
a steel framework is placed in the raw composition and is cooked 
with it. This design has been successful not only for bearings 
but also for slippers of universal joints in rolling mills. These 
slippers act, in a way, like bearings. 


AUTHOR’s CLOSURE 


Regarding Mr. Claus’s remarks, it was indicated in the paper 
that it is necessary to differentiate between plastic materials of 
the first and the other two types. The materials of the first 
type are made from various plain or graphitic molding powders, 
while the second and third types are obtained by molding lami- 
nated textiles and felt fillers. By virtue of their different internal 
structures, finished products made according to the three types 
mentioned have different physical properties, as shown in the 
paper. Material of type one might be brittle, but laminated 
bearings are very strong and tough. They are not brittle, and 
have high bond strength. 

Hard and soft graphite Micarta simply designates the way in 
which graphite is put into the material. In the case of hard 
Micarta, the graphite is put on the cloth before the resin is ap- 
plied, while in the case of soft graphite the graphite is put into 
the resin. 

Mr. Heer’s discussion is interesting since it indicates a few fine 
points pertaining to the properties of graphite. The amount of 
325-mesh lubricating graphite powder used was evenly distributed 
in the cloth in such a quantity as not to decrease the bond 
strength. 

Professor Everett correctly indicated the surprising change in 
the coefficient of friction at increasing speed as shown in Fig. 2 
of the paper, taken without alterations from Mr. Lehr’s paper. 

As far as the writer was able to find a correct answer to Pro- 
fessor Trinks’s question, the name ‘‘Micarta’’ (a trade name, used 
for laminated products only) derives its name from mica, which 
has a laminar structure and high dielectric strength, and which 
was originally added in a small quantity to Micarta. 


7? Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 
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Neoprene as a Spring Material 


By FELIX L. YERZLEY,' WILMINGTON, DEL. 


In this paper the mechanical properties of neoprene 
which are important for vibration isolation and damping 
are evaluated and compared with the analogous properties 
of rubber. Static and dynamic moduli and damping ac- 
tion are specifically treated. 


DVANCES in engineering design proceed from the develop- 
Fe inn of new materials, from increasing knowledge of 
available materials, and from the exercise of imagination 
in the creation of new applications. It must be evident that 
every increase in the variety of available materials diminishes the 
number of restrictions on mechanical invention. It must also 
be true that, as the variety of physical characteristics available in 
different materials increases, fewer compromises are necessary 
with imperfectly suited materials. Neoprene has taken its place 
at the side of rubber as an elastic material for springs. As an 
addition to the variety of materials available to engineers it has 
already increased the variety of structures that can be made from 
them. 


THE FIELD FOR NEOPRENE SPRINGS 


There can be no question of the superiority of metallic springs 
over those made of the rubber-like materials (1),? including rubber 
for certain applications, and there can be no doubt of the superi- 
ority of rubber-like materials in other cases. One needs only to 
survey the present applications of rubber-like materials in auto- 
mobiles to verify the latter statement. Many improvements in 
riding comfort and performance became possible only as the 
availability and characteristics of rubber were appreciated. 
Further affirming evidence of the unique advantages of rubber 
may readily be found in the literature (2, 3) and in the prevail- 
ing trend toward further uses of rubber. 

Analysis of spring applications reveals at least five outstanding 
reasons for the use of rubber springs. These are: 

1 To reduce noise. The function of rubber in this respect is 
to avoid transmission of audiofrequencies through metallic 
supports (4, 5). It is interesting to note, however, that other 
steps must sometimes be taken simultaneously to eliminate 
sounds which are air-borne. 

2 To impart flexibility. In addition to the technically more 
interesting applications, involving periodic vibrations which are 
subject to more or less precise mathematical treatment, there are 
humerous applications arising from the need for a mild cushioning 
effect, for example, as supplied by the numerous rubber pads 
and cushions used in automobile bodies (6). These provide the 
automobile structure with a necessary degree of over-all flexibility 
and elastic yield in an economical and simple way. 

3 To reduce production cost. The trend in modern machine 
production is toward lighter construction and higher speeds. 
In general, this means also that precision in manufacture must be 

' Physicist, Rubber Chemical Division, E. I. du Pont de Nemours 
« Company, Inc. Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Subdivision of the Proc- 
ess Industries Division and presented at the Annual Meeting, Phila- 
delphia, Pa., December 4-8, 1939, of THe AMERICAN Society oF 
MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


increased, usually at an increase in the cost of machining opera- 
tions. Rubber in compression will conform readily to irregular 
surfaces and can, in some cases, be employed to eliminate a 
machining operation as well as maintenance expense. This is 
illustrated in Fig. 1. A self-aligning bearing is made by replacing 
a lubricated ball-and-socket construction with a less expensive 
assembly involving a rubber-like material. A spherically formed 
band of neoprene between the bearing and the block not only pro- 
vides the necessary self-aligning feature, but does so with an ap- 
preciable saving in cost. 

4 To reduce maintenance costs. Rubber springs frequently 
eliminate guides and other points of metal-to-metal contact, and 
thereby reduce maintenance costs (7). 

5 To obtain definite damping action. When damping action 
is required with metallic springs, auxiliary frictional equipment is 
usually required. Leaf springs provide damping, but the extent 
of the damping action varies with the lubrication between the 
leaves and is not subject to practical control. The damping 
action of a rubber compound is definite and reasonably constant 
and is obtained without mechanical wear and without need of at- 
tention. 

The foregoing considerations apply generally, but in varying 
degrees, to all of the rubber-like materials. In addition, the fol- 
lowing distinctive advantages of neoprene over rubber are 
characteristic: 

1 Relative immunity from deterioration in petroleum products. 
All petroleum solvents cause disintegration of rubber. Although 


Fig. 1 A Bearing ConstructeED Wi1TH NEOPRENE 


CusHION 


the rate of deterioration is dependent upon the nature of the pe- 
troleum product, the end results are similar. Penetration into 
the rubber first causes softening and swelling, followed by gradual 
loss of strength and eventual failure. Neoprene differs from 
natural rubber, first, by showing much greater resistance to the 
penetration of petroleum products and, second, by retaining its 
original physical properties to a much greater extent (8, 9). 

2 Greater chemical stability at high temperatures. Rubber 
and neoprene, which are organic materials, cannot be exposed to 
the moderately high temperatures at which metallic springs fre- 
quently operate without undergoing chemical changes. The 
changes of rubber and neoprene on continued exposure to high 
temperatures are quite different. Continuous exposure to ele- 
vated temperatures of the best modern heat-resisting rubber com- 
positions, which have low sulphur content, tends to cause rever- 
sion. Reverted rubber compositions are characterized by loss of 
resilience, elastic modulus, and tensile strength. Neoprene com- 
positions do not revert at high temperatures, but gradually be- 
come harder with increased modulus and with relatively slow 
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loss of tensile strength. The residual plastic effect, drift, of the 
vulcanizate is decreased by continued heating, and the modulus 
increases rather than decreases. 

3 Resistance to the action of sunlight and ozone. Sunlight 
and ozone are grouped together because formation of ozone at the 
surface of rubber in sunlight is considered the prime cause of the 
surface deterioration which occurs (10). In many industrial 
situations, the presence of ozone precludes the use of rubber. 
Neoprene, on the other hand, is used extensively as a jacketing 
material for high-voltage cables, where ozone is generated by 
corona discharge. It is also used in direct sunlight, where rubber 
does not possess the necessary degree of permanence. 

4 Greater damping action. The hysteresis loss and hence the 
damping action of both rubber and neoprene may be varied con- 
siderably by compounding. In general, however, hysteresis loss, 
with stocks that are also practical in other respects, is greater for 
neoprene than for rubber. The thermal conductivity of neoprene 
is also higher than that of rubber and permits more rapid dissipa- 
tion of heat. 

The foregoing statements relate to the preliminary selection of 
a spring material. It is equally important to have definite knowl- 
edge of the various moduli of elasticity in order to determine the 
size and shape of the required spring. For that reason the balance 
of the paper will deal almost exclusively with the elastic properties 
of neoprene. 


Evastic PROPERTIES OF NEOPRENE 


The author has recently described a compact mechanical 
oscillograph (11), Fig. 2, particularly for the evaluation of rubber- 


Fic. 2 THe OsciLLoGRaPH; OSCILLATING BaR AND LOADING 
FORM ARE MOUNTED ON KNIFE-EDGES 


(Machine is shown in static equilibrium position with test piece under 
compression.) 


like materials in compression, both statically and dynamically. 
This apparatus has been used for the tests reported herein. 
Small cylindrical test pieces nominally */, in. diam X '/2 in. high 
are used. For static-load-compression relationships, deflections 
under various dead loads up to 280 lb per sq in. are recorded. 
For dynamic characteristics, the bar is allowed to oscillate at its 
natural frequency of vibration under the combined action of 
gravity and the elastic force of the test piece. The dynamic 
modulus is then calculated from the frequency and the inertia of 
the bar by means of the equation, K = 210/f?. Test frequencies 
are usually of the order of 2 to 5 cycles per sec. Data are re- 
corded autographically. A typical oscillogram from this series 
of tests is shown in Fig. 3. 

It is well known that rubber and neoprene do not show the same 
stiffness on the first cycle of loading and unloading as they do on 
successive cycles. Each of the test pieces was subjected to sev- 
eral conditioning cycles of loading and unloading under an aver- 
age load of 280 lb per sq in. Static-load-compression data were 
then obtained, followed by further conditioning and a dynamic 
test under the average load corresponding to approximately 30 
per cent compression. Data obtained in this way were plotted 
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as shown for a rubber and a neoprene compound in Fig. 4. _ It will 
be observed, as Haushalter (12) has said, that the curves are 
approximately straight up to 20 per cent compression but that 
for greater deformations there is pronounced curvature. The 
slopes of the dotted lines, shown in Fig. 4, represent the dynamic 
moduli and were calculated from the dynamic tests under average 
loads of 120 and 100 lb per sq in. for the neoprene and rubber 
compounds, respectively. The crosses shown on the dotted lines 
indicate the points of equilibrium reached at the end of the dy- 
namic test. The difference between the slopes of these lines and 
the tangents to the static load-compression curve illustrates the 
difference between the dynamic and static moduli. 

- It will be noted in Fig. 4, that the general shape of the curves 
for rubber and neoprene is the same. The neoprene loop is 
slightly wider, however, indicating greater hysteresis loss or 
damping action. The increase in modulus of neoprene in the 
dynamic test is greater than that of rubber. These differences 
are characteristic of the two materials today. Subsequent 
chemical developments may change this comparison. 
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Fic. 4 Sratic Hysteresis Loops anp Dynamic Mopuwti or NEG 
PRENE TEst CYLINDER AND RUBBER TEsT CYLINDER IN COMPRESSION 


For the purposes of this paper, it is considered satisfactory 
apply the term “compression modulus” to the slope at any poitt 
of the load-compression curve. It will be noted, however, that 
the values of the static modulus are obtained as slopes on the 
loading branch of the hysteresis loop. Although this is an arb 
trary procedure, it appears to be common practice. For certai® 
problems, the slope at points of the unloading curve might & 
more important. 
sive cycles of loading and unloading is a more important value 
Indeed the dynamic modulus reported in this paper is such § 
value. 


During the last few years, correlations have been develope | 


between the elastic moduli of rubber and values of the Shor 
durometer type A hardness, These correlations, though 00) 
approximate, provide a convenient way of determining the elast’ 
moduli near zero load without resort to more extensive and som 
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YERZLEY—NEOPRENE AS A SPRING MATERIAL 


times expensive tests.? Conversely it provides the convenient 
method of specifying moduli by stating the hardness desired, 
particularly for springs in small quantities. The author intends 
in the following discussion to establish a similar relationship for 
neoprene with the hope, however, that some evaluation more pre- 
cise than hardness data may win preference in the future. 


H=0.130 G-135) 
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900 


CALIBRATION OF DUROMETER USED IN TESTS 


Fie. 6 DuROMETER STAND 


There are three apparent reasons for unavoidable errors in 
correlations between durometer hardness and moduli. In the 
first place, the calibration of the durometer has not been ade- 
quately standardized by the manufacturer. As a consequence, 


* The oscillograph is intended to provide a direct and inexpensive 


— compression moduli and will soon be adapted to direct tests 
ear. 
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different instruments will lead to different evaluations. In the 
second place, rubber technologists will readily agree that, unless 
operators are schooled with extreme care, different operators will 
obtain quite different durometer readings on the same com- 
pound and with the same durometer. In the third place, one 
cannot expect the same correlation between shear modulus and 
durometer readings for all types of rubber compositions. In ap- 
preciation of the fine work that has been done in establishing 
this correlation, expressed by Haushalter (12) and others, this 
criticism is offered only as constructive caution. 

To remove doubt regarding the calibration of the durometer 
employed in this work, durometer readings were correlated with 
force in grams on the pin. These data are given in Fig. 5. The 
dimensions of the pin are also shown. Other dimensions are 
assumed to be standard. To eliminate the personal element as 
far as possible a stand, Fig. 6, was built. The instrument and 
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Fic. 8 Loap-Compression Data For Group or RuBBER 
VULCANIZATES 


the sliding rod together weigh 2 lb which then becomes the total 
actuating force (13). 

In Fig. 7 are shown load-compression data of a group of neo- 
prene type G compounds having different hardness numbers 
and, in Fig. 8, a similar group of rubber compounds. It is not 
feasible to present extensive data in curve form; condensation 
for the purposes of this paper as well as for practical use is re- 
quired. 

Data for neoprene and rubber compounds in compression are 
given in Table 1. It will be noted in the table that the static 
modulus at zero load is in most cases considerably lower than the 
static modulus under the load used for the dynamic test. As 
stated previously, the compression curve for rubber, up to 20 
per cent, is practically a straight line. This is convenient, since 
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TABLE 1 DATA FOR NEOPRENE AND RUBBER COMPOUNDS UNDER COMPRESSION 
Average Compression Slope of static 
Slope of static compression at equilibrium load-compres- Dynamic modu- Ratio of Resilience 
Durometer load-compres- load in under stated sion curve at lus calculated dynamic at 30 percent Frequency, 
sion curve at dynamic average load, stated average from frequency to static compression, cycles 
Compound hardness zero load, psi test, psi per cent load, psi and inertia, psi modulus per cent per min 
Neoprene 
302N-42 30 320 100 31.0 440 590 1.34 77 145 
606 1.38 75 212 
-41 31 266 100 29.6 440 585 1.33 77 145 
579 1.32 75 206 
-40 33 366 100 30.0 440 580 1.32 78 144 
553 1.26 77 202 
1522N- 1 33 316 100 28.4 480 542 1.13 78 139 
- 3 37 380 120 28.6 550 675 1.23 80 151 
-19 49 508 160 30.4 630 1017 1.61 55 185 
-4 52 620 180 30.8 680 982 1.44 65 187 
- 5 53 720 200 30.4 740 1069 1.44 71 190 
- 6 55 720 220 32.0 820 1142 1.39 68 202 
-7 57 692 200 31.8 770 984 1.28 60 182 
-17 61 908 280 31.6 1120 1509 1.35 70 225 
-20 62 800 220 31.0 760 1328 1.75 42 218 
-9 62 984 280 31.6 1120 1549 1.38 71 228 
-10 62 944 280 32.2 960 1505 1.57 68 225 
-8 63 852 260 31.4 1060 1680 1.58 60 200 
-12 73 1264 280 25.4 1360 2110 1.55 51 266 
-H1 76 1468 280 21.8 1360 1853 1.36 52 250 
Rubber 
1333-30 25 150 80 31.4 376 413 1.10 91 126 
-31 29 230 80 27.5 403 421 1.04 92 127 
-32 33 260 120 33.0 556 614 1.10 92 154 
-33 36 340 140 31.6 655 689 1.05 92 169 
-34 46 530 200 29.8 872 963 1.10 89 193 
-35 55 720 240 26.0 1100 1253 1.14 82 220 
-36 64 1100 240 20.6 1352 1580 A 74 246 
-37 72 1700 240 14.0 1750 1850 1.06 66 266 


it may be used in many cases to simplify calculations appreci- 
ably. It is true, however, that as a general rule the tangent to the 
load-compression curve at zero deformation is lower than the 
tangent at 20 per cent compression. This trend continues and, 
at 30 per cent compression, a still greater slope exists. The 
values given in Table 1 for the compression modulus at zero load 
are the closest values that could be obtained graphically, disre- 
garding any irregular curvatures that were shown by the data 
for small deformations. In some cases, they correspond to the 
constant slope of the curve up to 10 per cent compression and, 
in other cases, they correspond more closely to the particular 
slope at 10 per cent compression. It will be recognized that errors 
in obtaining a load-deformation curve for rubber may readily 
occur at zero because of the difficulty sometimes experienced in 
determining the zero deformation. This is particularly true of 
soft stocks which may undergo appreciable deformations with 
very light loads and it is also true for compositions which have 
excessive creep or pronounced damping characteristics. 

The dynamic tests reported were conducted at 30 per cent 
average compression, which in terms of usual practice is some- 
what abnormal. Various tests conducted by the author have 
indicated that the relation between static and dynamic moduli 
is practically independent of the load up to 30 per cent compres- 
sion. It is also independent of the frequency obtainable by this 
technique as indicated by the uniformity of the ratio obtained at 
two frequencies for compounds 302N-40, -41, and -42 in Table 1. 

It has frequently been claimed that rubber is considerably 
stiffer dynamically than it is in static loading. Circulation has 
even been given to the statement that the dynamic modulus of 
rubber is 2 or 3 times greater than the static modulus. As the 
result of his: recent work, Kosten (14) has concluded that the 
ratio of the dynamic modulus to the static modulus lies, as a 
rule, between 1 and 2 and that the ratio is independent of fre- 
quency. The present work, employing a different technique of 
measurement and a somewhat different frequency range, confirms 
these conclusions drawn by Kosten. Naunton and Waring (15) 
on the other hand, have found in tests up to 60,000 cycles per min 
that the increase in modulus is proportional to frequency. They 
confirm the finding, however, that the ratio of dynamic to static 
modulus is between 1 and 2. 

The ratio of the dynamic modulus to the static modulus in 
Table 1 is given in the eighth column and it will be seen that these 


are in the range 1.04 to 1.75. In the next to the last column, 
the resilience in per cent, or in other words the elastic efficiency 
of the compound, is given. These data were calculated from 
the dynamic records by obtaining the ratio of successive heights 
of rebound on the oscillograph. If resilience is plotted against 
the ratio of dynamic modulus to static modulus, as in Fig. 9, it 
will be noted that there is an increase in the ratio as the resilience 
of the compounds decreases. It should also be kept in mind, 
however, that the compounds given in this paper are of a com- 
mercial grade and that many complicated factors involved in the 
state of cure and physical composition have been introduced 
other than the obvious change in resilience. 

Assuming that, under operating conditions likely to be en- 
countered, the dynamic modulus can be as much as 2 times 


100 T T T T T T " 
2 
4 
z 
+ 
= 60+ a 
~ 
50K + RUBBER a 
NEOPRENE 
1.0 MM 12 1.3 16 17 18 
RATIO DYNAMIC MODULUS 
STATIC MODULUS 


Fie.9 Resiuience Ptorrep Acarnst Ratio or Dynamic Mopvvts 
To Static MopuLus 
(The dash line is drawn to emphasize the major trend.) 


greater than the static modulus at a given load, one might natu 
rally inquire as to the importance of the change. According 
the usual theories of vibration, the frequency at resonance is give! 
by the equation, f = constant V spring constant. In other words, 
a doubling of the modulus of rubber or neoprene will cause a 4! 
per cent increase in resonant frequency. This is not a negligible 
factor, but as this work and that of Kosten (14) indicate, a dov- 
bling of the modulus is not apt to occur. The actual change i? 
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resonant frequency will be moderate and in most cases negligible. 
This is especially true, in view of the usual design practice of al- 
lowing a factor of 3 or 4, if possible, between the natural frequency 
of the supports and the probable frequency of impressed forces. 

In his useful summary of the theory of vibration, Rosenzweig 
(16) has presented a discussion of the importance of damping at 
resonance. When critical speeds are encountered, some damping 
action or restraining force is absolutely essential. The data in 
the next to the last column of Table 1 give values for the resilience 
of the compounds. For the neoprene compounds selected, resili- 
ence ranges from 42 to 80 per cent and the corresponding energy 
absorption would consequently range from 58 to 20 per cent. 
The values for rubber are different, ranging from 66 to 92 per 
cent for resilience and from 34 to 8 per cent for energy absorption 
ina given cycle of loading and unloading. The art of compound- 
ing has not yet progressed to the point where resilience can be 
varied independently from all other properties, but there are ways 
of varying the resilience in a limited range for a given modulus. 

In Fig. 10 durometer hardness is plotted against compression 
modulus at zero load as taken from Table 1. Other data of this 
same form have been published by Haushalter and are shown by 
the dotted line. This illustration confirms the relationship 
found by Haushalter (12) between compression modulus and 
durometer hardness as closely as one might expect. It will be 
noted, however, that there are points which do not lie on the 
curve. 

Haushalter (12) and Kosten (14) both have emphasized the 
importance of the ratio between the height of a cylindrical test 
piece and its diameter. Haushalter has indicated that, if the ratio 
is approximately 1:1, the compression modulus is 6.5 times the 
shear modulus. In the present case, the ratio of the height to 
the diameter is 0.67. Consequently, it is of interest to determine 
how nearly the test pieces '/. in. high and */,in. diam approach the 
characteristics of test pieces fulfilling the ratio requirement. 
Fig. 11 shows the changes caused in the load-compression curve 
by changes in the height of the cylinder from 0.135 in. to 0.995 
in., i.e., by varying the ratio from 0.18 to 1.33. It can be seen 
that the difference in compression between the 0.502-in. and 0.995- 
in. cylinders is considerably less than 10 per cent of the percentage 
of compression at all loads. 

In Fig. 12, the diameter of the cylinder is varied from 0.433 in. 
to 0.950 in., i.e., varying the ratio from 1.15 to 0.53. The dis- 
crepancy between the curves for the 0.742-in. and 0.433-in. 
cylinders is less than 10 per cent of the percentage of compression, 
If the ratio of 6.5 : 1 is valid for rubber, one might reasonably ex- 
pect approximately the same ratio to apply for neoprene. Smith, 
on the other hand, has found the theoretically derived ratio of 3:1 
(17) between compression modulus and shear modulus to be 
useful. Although the discrepancy between 6.5 and 3 appears 
offhand to be disturbingly large, further investigation will prob- 
ably unify the methods of treatment and contribute better under- 
standing. The measurements in shear so far made by the author 
have been limited and inadequate to establish a clear relation- 
ship between the shear and compression moduli. It is known 
from several comparisons, however, that the shear modulus of 
heoprene can be varied over the same range as that of rubber; for 
example, for practical purposes from 50 to 350 Ib per sq in. 

Whenever damping action is important, due to the unavoid- 
able occurrence of critical speeds, it will be recognized that mount- 
ings will be called upon to absorb substantial quantities of energy. 
The direct result of this absorption of energy will be an increase 
in the temperature of the mounting. The specific heat of un- 
compounded and unvulcanized neoprene is 0.52 cal per g and its 
thermal conductivity 0.00046 cal per sec per cu cm per deg C. 
Vulcanization seems to have little, if any, effect on the thermal 
properties of neoprene, although loading ingredients will alter ther- 
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mal values of vulcanizates in amounts proportional to the volume 
content and properties of the added ingredients. Since the 
specific gravity of neoprene compounds is relatively low, being 
as a rule between 1 and 2, the thermal capacity of neoprene on 
the volume basis is low. The temperature rise on absorption of 
energy is, therefore, rapid. In comparison with rubber, however, 
the thermal conductivity is about 30 per cent higher. Neoprene 
is, therefore, a better damping material than rubber from the 
standpoint of its damping action, its chemical stability when 
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heated, and its higher thermal conductivity, permitting more 
rapid dissipation of heat. 

It has been shown that the elastic characteristics of neoprene 
in which design engineers are interested are similar to those of 
rubber. Greater damping action and a somewhat higher value 
for the ratio of dynamic to static moduli are, however, characteris- 
tic. The similarity permits the design and application of neo- 
prene springs by the same methods developed for rubber by 
many investigators (2, 3, 7, 12, 16, 17). 


ELECTRICAL PROPERTIES OF NEOPRENE 


Although not related to the main subject of this paper, brief 
mention of the electrical properties of neoprene is warranted by 
the occasional demand for combined electrical and mechanical 
service. The values given in Table 2 are roughly representative 
of neoprene compounds which contain no fillers and only enough 
added ingredients to insure proper vulcanization. 


TABLE 2 ELECTRICAL PROPERTIES OF NEOPRENE AT 28 C 


Dielectric constant at 1000 cycles per sec.............. 
Power factor at 1000 cycles per sec...............055- 
Dielectric strength, rms at 60 cycles per sec........... 


Individual compositions will, of course, have different electrical 
properties. The d-c resistivity, the dielectric constant, and the 
power factor can be improved somewhat over the figures given in 
Table 2 by compounding. Compositions containing high propor- 
tions of carbon black have lower values of d-c resistivity and di- 
electric strength than those given in Table 2, and higher values 
of the dielectric constant and power factor. 


ADHESION OF NEOPRENE TO METAL 


Neoprene compounds can be adhered firmly to brass and brass- 
plated metals by vulcanization in direct contact with the brass 
surface. Other commercial methods employ cements to obtain 
equally strong adhesion. Bond strengths above 1300 lb per sq 
in. in tension have been obtained under the most favorable condi- 
tions, 


PERFORMANCE 


Under normal operating conditions, the permanence of neo- 
prene mountings is of a high order. They are not damaged by 
millions of cycles of loading and unloading and they resist deterio- 
ration from oils, chemicals, heat, sunlight, and oxidation. Ab- 
normal conditions may be encountered, however, if mountings 
are installed or operated incorrectly so that excessive temperature 
rise occurs in the neoprene as the result of overstressing or exces- 
sive frequency of operation. Although no general statement will 
apply to all conditions, a temperature of 65 C is a reasonable 
maximum. If operation at higher temperatures is unavoidable, 
a commensurate reduction should be made in the unit load on the 
mounting to compensate for loss in spring strength resulting from 
the abnormal temperature condition. 

The functional purpose of neoprene mountings is to isolate and 
dampen vibrations. The structural requirement is that the 
mounting shall safely support a given load. If the mounting is 
operated continuously at excessively elevated temperatures, it 
is inevitable that the modulus of the composition will gradually 
increase. The effect of this change will be to alter the character- 
istics of the mounting, as a vibration isolator, without impairing 
the ability of the mounting to carry the required load. Hence, 
although the functional purpose of the mounting may be impaired, 
the structural safety of the installation ordinarily remains un- 
changed. 

At low temperatures, neoprene temporarily acquires an ab- 
normal hardness. The rate of hardening depends primarily 
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upon the temperature. Preliminary tests, at a temperature of 
40 F, have indicated that the modulus of neoprene type-E com- 
positions may increase by a factor of 2 or 3 over a period of 5 days, 
Furthermore, the change will not occur if the mounting is in 
normal operation, since the mechanical working of the com- 
pound will prevent freezing. If a neoprene mounting has been 
stiffened by freezing, tests have proved that the mounting will 
recover its original characteristics quickly upon resumption of 
operation. It is believed that the rate of freezing increases 
slightly as the temperature decreases to a value of about 20 F, 
and that below this temperature the rate of freezing decreases, 
A study of these points is in progress and more information will 
be available in the future. 
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Discussion 


B.S. Cain.‘ It would be helpful if the author could furnis |~ 
some of the characteristics of neoprene at low temperatures. [0 
particular, is material available for use where some flexibility 
is required over a wide range of temperatures, including a su 
zero range? 


Sruart H. Haun.’ This is another excellent presentation 
reasons why neoprene can be used for the construction of rubble 
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springs. This material, as well as several other modern syn- 
thetic rubber-like materials, has certain desirable properties for 
this service. 

The value of the oil resistance and good aging properties of 
neoprene is well known and appreciated by rubber technologists. 
However, the admitted tendency of the material to harden 
continuously upon exposure to elevated temperatures must be 
balanced against its age resistance at elevated temperatures 
when spring service is to be considered. 

Many designers of rubber springs will disagree with the author’s 
thesis that damping characteristics greater than those of normal 
rubber compounds are desirable, particularly since high damping 
usually is accompanied by increased creep. It is, unfortunately, 
true that low creep is rarely, if ever, a characteristic of com- 
pounds of rubber and other rubber-like substances which have low 
resilience (high damping). Available information on the creep- 
resilience relationship for neoprene is even less complete than 
that for rubber compounds. It is hoped that the author will 
soon be able to fill the need for such information. 

The addition to the literature of data on the dynamic modulus 
of neoprene and other compounds is welcome. It is unfortunate 
that the author has not been able to extend his investigations 
above a frequency of about 4 cycles per sec, which is below the 
ordinary range of resonance frequencies for the more common 
rubber-spring designs. The modulus effective in determining 
the actual working transmissibility of such springs is the modulus 
at the impressed or forcing frequency, which is usually from 2.5 
to 10 times the resonance frequency. 

It is interesting to note that the data points, in the author’s 
Fig. 9 which shows the resilience versus dynamic/static-modulus 
ratio for neoprene and rubber compounds, appear to be grouped 
distinctly into two categories which seem to distinguish the two 
materials. Although the rubber data are too limited to be con- 
clusive, a curve giving a good fit to the available points would 
appear to intercept the 40 per cent resilience axis at a value much 
lower than the intercept for the line shown, which fits the neo- 
prene data rather well. 

One most important property of rubber-like materials for 
spring service is the safe and economical stress to which they may 
be subjected in service. The working stresses for compressive 
use are nearly always dictated by creep considerations so that 
deflections are ordinarily limited to values of about 20 per cent 
orless. Failures due to actual fracture or cracking of the rubber 
are quite rare in such service. The determination of working 
stress for service in shear is not nearly so simple. Some applica- 
tions which have proved practical in service have made use of 
deformations somewhat more than the thickness of the rubber 
(shear strain > 100 per cent thickness) and static or mean dy- 
namic stresses in the region of 100 lb per sq in. are known to be 
practical in certain limited classes of use, especially where com- 
pressive strain perpendicular to shear adhesion areas is imposed. 
However, in no case does the actual breaking shear stress in con- 
tinuous service approach the breaking stress as determined by 
short-time loading tests. It is important to the designer, who 
contemplates the use of a material such as neoprene in spring serv- 
ice, to know what safe working loads may be applied to the ma- 
terial if service over a given period at approximately known tem- 
peratures is to be rendered without failure. The effect of tempera- 
ture increase in reducing the strength of neoprene and rubber 
cannot be ignored. 

The author’s experience with poor standardization of the 
durometer (type A) agrees with that of many others. His 
description of the calibration of his instrument adds to the value 
of his hardness-versus-modulus curves, even though there are 
theoretical objections to the method of calibration which he used. 
It also emphasizes the precautions which must be taken to avoid 
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or compensate for the well-known shortcomings of the instru- 
ment. Tests and theoretical studies by another member of this 
laboratory have indicated very clearly that the most reliable re- 
sults may be obtained only when the durometer is held in such a 
way that the lightest possible pressure is obtained between the 
rubber surface and the foot or disk surrounding the indenter 
point. 

The author seems to be guilty of overemphasis in saying that 
the slightly higher thermal] conductivity of neoprene compounds 
is sufficiently great to constitute an appreciable advantage of this 
synthetic over natural rubber. The thermal conductivities 
of neoprene and rubber compounds suitable for spring service 
are all so low that any appreciable energy absorption produces 
sizable temperature rises in both classes of materials. The con- 
ductivity of the softer rubber-spring stocks is about 0.95 Btu/(hr) 
(sq ft) (F/in.) or roughly '/309 that of steel. 

An estimate of the temperature which might be produced in 
mountings made of a neoprene compound and used under condi- 
tions of moderately severe vibration has been made for the follow- 
ing hypothetical case: 

Machine weight, 2000 lb 

Shear stress on mountings, 40 lb per sq in. 

Static deflection of mountings, 1 in. 

Resilience of neoprene compound used in mountings, 60 per cent 

Magnitude of simple harmonic disturbing force, + 20 lb 

Frequency of disturbing force, resonant (approximately 190 cycles per 
min) 

For this particular case, the mean rate of temperature rise 
works out to something like 3 F per min and, since the mountings 
would necessarily have a thickness of 1 in. or more, the maximum 
temperature in each mounting would probably attain a value of 
about 200 F after starting at 80 F and running for about 1 hr, 
if failure of the material did not occur before that, through the 
combination of the weakening effects of temperature and the 
gradually increasing amplitude which would result as the damp- 
ing coefficient decreased with increasing temperature. Hence, 
intentional operation at resonant frequency would be impractical, 
since the comparatively higher conductivity of neoprene stocks 
is still too low to permit their extensive use as shock absorbers. 

In some cases there has been a real need for a cool-running 
rubber or synthetic compound for use in services where occasional 
or even rather frequent shocks or dynamic-stress cycles are en- 
countered. However, the solution of the problem in most cases, 
and probably in every case, has been the use of a compound 
which possesses relatively high resilience with ordinary values of 
thermal conductivity, rather than low resilience accompanied by 
the maximum possible conductivity. It should be emphasized 
that thermal conductivities of all rubber-like materials are so 
low that they are unable to dissipate very much energy continu- 
ously except in the case of relatively small pieces. 


F. L. Hausuwatter.* The writer expected to learn from this 
paper how high neoprene might be stressed as compared with 
rubber, without experiencing trouble from creep or drift. If 
neoprene springs are used to support a machine, what would be 
a reasonable estimate as to how much lower the machine would 
be setting in a year’s time? Also, what would be the modulus 
or rate of the spring in a year and, possibly, in 3 or 10 years hence? 
If the springs are to be used in an atmosphere of elevated tempera- 
ture, data on creep would be essential before choosing the stress 
at which the spring will function. Values of dynamic modulus 
versus static modulus for this material are useful enough, but 
what are these moduli after creep has taken place at elevated 
temperatures? We know that for rubber the values are appreci- 
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ably higher, and it is reasonable to suppose that for neoprene the 
values would be still higher because it is the writer’s experience 
that neoprene compounds have greater creep than equivalent 
rubber compounds. 

The more work the writer does with springs made from rubber, 
or rubber-like materials, the more he is convinced that damping 
is an unwanted characteristic in the material. About the only 
place one would require a spring to operate at resonance would 
be to counteract and neutralize the vibration of a body or mem- 
ber, the critical period of which was at that same frequency. 
Such applications are rare. About the only instance of this kind 
which the writer can recall occurred several years ago. In this 
case, the front wheels of an automobile developed a critical period 
causing bad wheel shimmy at a certain operating speed when 
traveling on cobblestone pavement. This vibration, which was 
in the horizontal plane, was neutralized by attaching a mass on 
the end of a spring, which in turn was fastened to the tie rod. 
The spring was designed to give the suspended mass the same 
resonant frequency as the wheels in the horizontal plane. 

In the vast majority of cases, it would certainly be ridiculous 
to want to isolate a vibrating body with springs and then have the 
springs function at their point of resonance. If we wish to do 
any damping in passing through critical speeds, it can be done 
much more cheaply by using hydraulic shock absorbers. If we 
do not operate springs in the resonant range, which Hull pointed 
out should not be less than a frequency ratio of 1.4, damping is a 
distinct disadvantage, for the energy consumed in damping in- 
creases the transmissibility through the mounting. 

Furthermore, the more damping there is in the material, the 
more creep will take place in the spring. The author has a good 
opportunity to disprove this statement, but if Isaac Newton was 
right, it is very probable that, as compounds made from neoprene 
G are developed, which take on less and less creep, we shall find 
that the hysteresis loss, or damping effect, will diminish accord- 
ingly. 

As for the argument on durometer and hardness, which seems 

be an endless one, as unscientific as this instrument ap- 
pears to be, the writer dislikes the thought of condemning it to 
the scrap heap, for when properly used it certainly can pick out 
small differences in hardnesses of stocks in a comparative way. 
For the detection of these small changes in hardness, the writer 
would not use the author’s method, but would depend upon the 
human hand. The writer was once confronted with the task of 
making a rubber spring slightly stiffer than a previous spring, 
which meant an increase of about '/. point in hardness on the 
durometer. After using the Olsen hardness tester and the Pusey 
& Jones plastometer with conflicting results, the only way dis- 
covered for accomplishing this was to lay on a table disks of the 
possible compounds of the same thickness, and go from one to 
another with the durometer in hand. The stock was selected 
in this way and, when the spring was made up, the shear-modulus 
value was found to be exactly that required. It is truly a diffi- 
cult matter to standardize durometers, but there is no reason 
why we cannot calibrate one against the other. Undoubtedly, 
one who works constantly on the compounding of rubber and 
rubber-like materials soon acquires facility in the use of his own 
durometer. 


J. F. Downie Smitu.’? The material given in this paper will, 
in the writer’s opinion, be welcomed by designers who are in- 
terested in the application of rubber and rubber-like materials 
in industry. It is hoped that more information of this type on 
other rubber-like materials will be made available in the near 
future. At present the mechanical engineer feels rather at a 
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loss when he is trying to determine the proper material to use 
for a specific application. 

A short time ago the author gave the writer two samples of 
neoprene and one of rubber each bonded to metal plates in the 
form shown in Fig. 13 of this discussion. In order to make a 
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cursory examination of each sample to see if it would be appl 
cable in springs as used in experimental work, each sample Ww 
loaded and unloaded quickly a few times. Then a loading curve 
was taken in 7!/; min with the unloading curve taken in about 
the same time. A second set of curves was then made with 
loading and unloading periods 6 times as great. The results 
are shown in Fig. 13. 

One of the neoprene samples, No. 1441 N-12, after the tests 
were completed, was found to be split, and could no longer 
recommended as a spring. The other neoprene sample and the 
rubber one were apparently satisfactory. 

It may be observed that one of the neoprene samples gave * 
much greater variation between quick and slow loading than did 
the rubber, At two shear stresses the percentage variations 
tween the two loading curves are as follows: 
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YERZLEY—-NEOPRENE AS A SPRING MATERIAL 


At 40 Ib At 60 lb 
per sq in. per sq in. 
1 For rubber No. 1333-34A 4.4 2.6 
2 For neoprene No. 1441 N-12 4.5 4.8 
3 For neoprene No. 1441 N-11 9.9 8.9 


The writer would like to ask the author if such results would 
always be expected from typical rubber and neoprene springs, 
or if these samples are unusual in some way. If results of this 
type are expected, would he consider them detrimental to the 
use of neoprene as & spring? 

An additional point of concern is that none of the curves comes 
anywhere near the theoretical shear loading curve which might 
be expected from previously published data on rubber. This 
theoretical curve is based on the calibration of definite Shore 
durometers against known moduli of elasticity in shear for rub- 
ber. Now all three of the curves shown in Fig. 13 check one an- 
other reasonably well, and one of the samples is of rubber and 
two are of neoprene so that the change from natural rubber to a 
synthetic rubber-like material is not the answer. One thought 
which arises is: ‘Does the size of the sample have an influence 
on the rough relationship of durometer hardness and modulus of 
elasticity in shear?”” These particular samples are much smaller 
than those ordinarily used by the writer, and it occurred to him 
that this may explain the discrepancy to some extent. 


AvTHOR’s CLOSURE 


In this paper, an attempt was made to summarize such portions 
of the present knowledge of neoprene as might contribute to the 
design of springs. It is a paper on a spring material, however, and 
not a detailed paper on springs or on vibration in engineering. 
The author attempted to cite adequate references, without giving 
a complete bibliography, on these topics as collateral reading for 
anyone sufficiently interested. The fact is appreciated by the 
author that the present knowledge of neoprene has limitations. 
In some respects, additional research and further years of experi- 
ence will permit a more definite account in the future than is 
possible today. 

Mr. Cain has asked a question particularly pertinent to outdoor 
service. A specific answer would require definition of the ex- 
pression “some flexibility.’’ At — 40 F neoprene compositions 
of a high-grade mechanical type properly cured approximate the 
stiffness of hard leather but they are not brittle after exposure 
for as long a period as 14 days. If this condition is considered to 
fall within the intended meaning of the question, neoprene is 
flexible at all low temperatures down to — 40 F for any length of 
exposure. The change of modulus under these conditions would, 
of course, drastically alter the characteristics of a neoprene spring 
and would be against its application in some cases. Stiffness 
acquired by exposure to low temperatures can be overcome by 
heating from external sources, or by mechanical working. 

A detailed discussion of each of the points raised by Mr. Hahn 
and, in some cases, again by Mr. Haushalter would be inordinately 
long and involved. There seems to be peculiar disagreement in 
the literature and among engineers as to what properties in rub- 
ber are desirable for some types of service. Every individual 
taking part in such technical controversies as this has some real 
basis for his views but, when the situation is viewed broadly, the 
arguments in good faith seem to arise from deductions based upon 
distinctly different types of service. The author has culled from 
the literature the outstanding reasons given for the use of rubber 
48 & spring material under particular conditions. These reasons 
are, therefore, advantages possessed by rubber springs over metal- 
lic springs and are listed as such in the introduction to the paper. 
The same literature has pointed out further properties to be de- 
sired. Such properties, when possessed by neoprene, thus become 
advantages of neoprene over natural rubber for particular condi- 
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tions which have been adequately defined in the early part of 
the paper. It seems trite to point out that, where these conditions 
do not exist for either rubber or neoprene, other selections would 
be made and that the selection of neoprene or rubber would some- 
times be based upon one or two outstanding characteristics, in 
spite of attendant disadvantages. 

The relatively high damping rate obtainable with neoprene 
is an advantage when relatively rapid damping is desirable. In 
other cases a high rate of damping would be a distinct handicap. 
The author does not believe that any engineer could specify the 
properties of an ideal spring system without including in the speci- 
fication a desirable range of damping rates. Although Rosen- 
zweig (16) has discussed the advantage of damping at critical 
frequencies, the bulk of his paper is devoted to proof that, outside 
of the critical range, damping is undesirable in the isolation of 
vibration. Numerous other references could also be given which 
cover the same point. The author has merely attempted to show 
that neoprene increases the range of damping rates available with 
rubber-like materials beyond the limits feasible with rubber. It 
is the job of designers to determine how much damping is re- 
quired in a given case. 

Mr. Haushalter’s statement that spring systems are not de- 
signed to operate at resonance, apparently, is made without 
considering the present importance of dynamic balancers. The 
example of front-wheel shimmy on automobiles has been sup- 
planted in industrial importance by a host of harmonic balancers 
in other applications. Those used on lightweight crankshafts 
to reduce torsional vibration are particularly interesting. Combi- 
nations of frictional and dynamic absorption offer the possibility 
of effective refinements in design. 

Various authorities have suggested the desirability of damping 
action by rubber springs. Among them Haushalter, in a recent 
discussion,® expressed limself as follows: ‘It would be very de- 
sirable to have a rubber spring with a high damping coefficient 
but, with a compound giving this, the drift greatly increases. A 
combination of high damping and low drift in a rubber stock is 
yet to be found. The two conditions, apparently, are diametri- 
cally opposed. Work is still going on, however, and there are some 
possibilities in this direction with synthetic rubber.” 

In his experience with neoprene, the author has noted frequent 
exceptions to the statement that there is a general correspondence 
between creep and resilience. In a current series of tests, for 
example, two neoprene compounds, cured for the same length of 
time and having the same compression moduli, have 78 and 76 
per cent resilience, respectively. However, in a shear-drift test, 
the former compound shows roughly twice the drift rate indicated 
by the second. This is not an isolated case, but is a repetition of 
a rather frequent occurrence. If the correlation were strictly true 
for rubber, as it certainly is not for neoprene, long and expensive 
tests of creep could be dispensed with in favor of fast and rela- 
tively inexpensive tests of resilience. Unfortunately, this is not 
the case. 

Very properly, Mr. Hahn has pointed out that the thermal con- 
ductivity of rubber and of neoprene is relatively low. Many 
mechanical designs of rubber parts have failed because excessive 
heat was developed in operation. Other things being equal, any 
increase in thermal conductivity will assist the dissipation of 
energy, but a 30 per cent increase can only offer help to a minor 
extent. The relative values of thermal conductivity are quite 
incidental and, if the author is guilty of overemphasis, the point 
is well taken. 

The use of neoprene commercially as a spring material is a 
relatively recent development and it is not possible, at the present 

8 ‘Rubber Cushioning Devices,’’ by C. F. Hirshfeld and E. H. 


Piron; discussion by F. L. Haushalter, Trans. A.S.M.E., vol. 60, 
1938, p. 204. 
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time, to predict what will happen to a spring in 3 to 10 years. 
Yet, it is believed to be true that the best rubber compositions 
have lower drift than the best neoprene compositions, However, 
the author knows that it is possible to produce neoprene com- 
positions which compare very favorably with some of the rubber 
compositions commercially used. Unfortunately, tests which 
are now in progress at the du Pont rubber laboratories have 
not yet progressed to the point where detailed presentation is 
permissible. 

With reference to the discussion by Dr. Smith, the author con- 
siders creep to be a type of dimensional instability and any type 
of instability in a structural material is undesirable. It is in- 
dicated by the tests that neoprene will creep more under dead load 
during the first hour than a comparable high-quality rubber un- 
der similar conditions. Since the neoprene samples under dis- 
cussion are the best obtainable at the present time from the 
creep standpoint, it is apparent that neoprene will creep more 
during the first hour than rubber. The fact that a defective 
sample appeared to be better than an undamaged specimen is 
somewhat surprising and is probably an indication that a more 
reliable comparison between the compositions might be obtained 
from a more extended test. It has been the author’s experience 
that the maximum discrepancy in rate of creep between properly 
vulcanized neoprene and rubber compositions occurs during the 
first 24 hours. 

Inasmuch as the discrepancy in theory mentioned by Dr. 
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Smith concerns a correlation of shear modulus with durometer 
hardness, it does not seem to be a matter of the greatest im- 
portance. If we remember that the correlation between elastic 
moduli and durometer readings is at best an approximation, 
occasional departures should not be too disturbing. On the other 
hand, data in the author’s personal files indicate that the pub- 
lished values of shear modulus referred to by Dr. Smith are about 
30 per cent low and this observation is confirmed by Dr. Smith 
in this case. It should be more disturbing if the size of the 
samples has a large effect upon the value of the shear modu- 
lus, since this would vastly complicate the design of shear springs 
by requiring a shape or size factor. The author’s experience has 
been more extensive with small samples than with large ones, 
but there is inclination to doubt that the size of shear mountings 
has any great influence upon the modulus of a spring composi- 
tion, provided each specimen is uniformly cured throughout its en- 
tire volume. 

It is quite apparent that the introduction of rubber springs to 
industry, particularly to the automotive industry, preceded the 
development of an adequate literature and engineering back- 
ground for general purposes. Even today, data on rubber are 
extremely meager and without a satisfactory network of cor- 
relating theory. It is to be hoped that information on rubber and 
similar materials will develop more rapidly in the future and that 
the present mystery surrounding the mechanical properties of 
these materials will soon no longer exist. 
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Automatic Integrating Pressure-Traverse 
Recorder for Study of Flow Phenomena 
in Steam-Turbine Nozzles and Buckets 


By H. KRAFT! ano T. M. BERRY,? SCHENECTADY, N. Y. 


The high efficiency of modern steam turbines can be 
safely predicted only when the flow phenomena in all 
passages of the turbine are well understood. The General 
Electric Company maintains an air-test laboratory 
where these passages are studied over a wide range of con- 
ditions. The principal test is a series of impact-pressure 
traverses in an air stream simulating flowing steam. 
The test is a “‘contour-map survey”’ of emerging energy, 
formerly requiring thousands of observations. Recently 
an instrument has been built which automatically tra- 
verses the passage, calculates the corresponding flow and 
energy quantities, integrates them against the traversed 
path, and records the integrals in an easily readable man- 
ner. The high speed of the instrument increases greatly 
the range of possible tests. Its inherent accuracy of 0.1 
per cent surpasses the best previous performance. The 
instrument, using mechanical devices for measuring, cal- 
culating, and integrating, has all moving parts controlled 
by electric and photoelectric means. 


HE automatic integrating pressure-traverse recorder is an 
instrument employed by the turbine-engineering depart- 
ment of the authors’ company. The air-test laboratory 
of this department uses it for the following purposes: 
The rapid recording of impact-tube pressure traverses run over 
turbine passages. 
The simultaneous evaluation of these readings into flow and 
energy quantities. 
The concurrent integration of these quantities against the im- 
pact-tube travel. 


Purpose oF TURBINE TESTS 


The desirability of a high efficiency in a large steam turbine 
hardly need be emphasized. A loss of 1 per cent from an output 
of 50,000 kw represents, in addition to a 1 per cent increase in 
fuel rate, a loss of 500 kw installed capacity, which is rather an 
appreciable amount of power. It is necessary, therefore, to be 
in a position that will allow reliable judgment on all factors con- 
tributing to the efficiency of the turbine. As in all similar fields 
of human endeavor, continuous effort directed toward progress 
is the only means to assure higher efficiency or, if ever diminish- 
ing returns should someday make this impossible, to maintain 
what has been won. 

Published knowledge of the many phenomena, which influence 
the efficiency of a steam turbine, is very limited. Many years of 
intensive work, many times too voluminous for publication, have 
built up a body of information which forms the basis of present- 


‘Turbine Engineering Department, General Electric Company. 

* General Engineering Laboratory, General Electric Company. 
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day design. It is imperative to add continuously to this in- 
formation. Failure to do so would soon lead to questionable 
extrapolations into unexplored fields. Most surely it would 
arrest the trend toward ever better efficiencies. 

The largest single part of the losses occurring in a steam turbine 
is caused by phenomena of fluid flow. The behavior of a com- 
pressible, viscous fluid, such as steam, is a function of a large 
number of variables. Every single problem that arises will bring 
these variables into play in one of a practically infinite number 
of combinations. No solution so far has been found that would 
permit attacking the problems by way of theoretical deduction. 

On the other hand, it is evident that over-all results, obtained 
from tests on complete turbines, cannot give much detailed in- 
formation. 

To gain additional design information, the only practical 
method that is available is to collect a large amount of empirical 
results from tests on turbine elements, single and in various com- 
binations. If proper consideration is given to unavoidable differ- 
ences between test conditions and turbine installation, there is 
every reason to believe that satisfactory results can be obtained. 

Of late, the method of model testing has received much atten- 
tion from engineers. Briefly, it consists of the simulation of the 
conditions of the actual machine by a convenient model set up in 
such a manner that a definite comparison with the actual machine 
is possible. The model may be full-scale or may be merely geo- 
metrically similar. Materials and flowing media may differ from 
machine conditions and so may velocities and forces. Definite 
rules regarding the similarity of model conditions are available for 
various applications, e.g., Reynolds’, Froude’s, Mach’s numbers, 
etc. Probably the model tests owe much of their popularity to 
the good results obtained from the aircraft engineers’ wind-tunnel 
and hydraulic-laboratory work. 

The turbine-engineering department of the General Electric 
Company has been using this type of model testing continuously 
during the last 19 years. In 1924, H. L. Wirt presented a paper® 
before the Society, describing this method of testing. 

It is a high tribute to the engineers, who instituted and de- 
veloped this fact-finding method, that this type of test in its 
essentials is still the same today as it was 19 years ago. Its ad- 
vantages were so apparent that considerable thought and money 
have been spent to develop it to still greater usefulness. 

Herewith is a short description of the test: Compressed air 
is passed through the actual turbine element or a scale model of 
it. Knowing the temperature, the total energy of the entering 
air is easily ascertained by means of a single impact tube. The 
test aims at obtaining a complete detailed picture of the flow 
energy leaving the element. The ratio of the energy integrated 
over the passage at its exit to the entering energy will furnish its 
efficiency. The details of the energy “picture” will help toward 
the explanation and cure of unsatisfactory behavior. 

The principal advantages of such a test are: 


1 The details of the energy distribution are visible. 


3**An Experimental Investigation of Nozzle Efficiency,” by H. L. 
Wirt, Trans. A.S.M.E., vol. 46, 1924, pp. 981-1003. 
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2 In the case of nozzles and buckets a few single passages 
can be tested as representative of the whole ring. No additional 
end conditions need be introduced, as must be done in the case 
of reaction and impulse tests. 

3 The use of air instead of steam facilitates the test very con- 
siderably: 


(a) Free atmosphere provides a known constant pressure in 
a practically infinite space into which to exhaust and in which 
the observer can live without special precautions. 

(b) The temperature is constant enough to eliminate special 
measurements, at least as long as efficiency ratios close to 1 are 
obtained. Nor is there any possible condensation to be taken 
care of. 

(c) The air temperature is low enough to permit the use of 
wood as the principal model material. This is important, as 
the building of models as well as all changes and modifications 
can be done much faster and cheaper with wood than if metal 
is used. 


Several important characteristics of the test require special 
consideration: 

1 The similarity rules of model testing must be obeyed. 
When applying air-test results to steam conditions complications 
can arise. Both steam and air are compressible fluids with low 
viscosity. So long as the viscosity is neglected, all the forces 
occurring in the flow of a compressible medium are due to mass 
actions. The forces acting on every particle of flow are all caused 
by the mass of the particle, as expressed by its density and its 
accelerations or decelerations. This includes, of course, all 
centrifugal actions due to the curvature of the streamlines. The 
static-pressure forces do not need to be considered. They are in 
equilibrium with the inertia forces and thus equal and opposed 
to them. If one set is known, the others are. It can be shown 
that the mutual relationship of all inertia forces in a flowing 
medium remains unchanged as long as, at a chosen geometrical 
position in the flow, the velocity always bears the same relation- 
ship to the sound velocity of the medium. Expressed in the 
- terminology of the physicist, this amounts to maintaining a 
constant Mach number. This condition is easily fulfilled in a 
model test. 

At high efficiencies, however, the viscosity forces enter the 
picture as the preponderant causes of the flow losses. In this 
case it is obvious that the ratio of these forces to the inertia 
forces also must be the same in the test as in the machine, if all 
forces in the flow are to retain their proper geometrical relation- 
ship. The ratio between mass and viscosity forces is expressed 
by the well-known Reynolds number. It is this Reynolds num- 
ber which, once the flowing medium is chosen, coordinates one 
certain velocity to a chosen model scale or vice-versa, i.e., the 
size of the model passage must be such that the forces, due to 
speed changes, maintain a proper magnitude with relation to the 
viscosity forces as given by the medium. Usually it is impossible 
to find in another flowing medium a condition where simul- 
taneously the same Mach and Reynolds numbers prevail as in 
the original. This difficulty usually can be taken care of when 
the behavior of the flow in question is known, both as a function 
of Mach’s as well as of Reynolds’ number. This is entirely pos- 
sible, but calls for a certain expenditure of testing and engineering 
effort. 

2 Means must be provided for recording and integrating 
rapidly a large number of test readings. For example, the upper 
curve of Fig. 8, had it been obtained by manual testing methods, 
would have required the taking, recording, calculating, and inte- 
grating of a minimum of 11,000 test readings. This makes the 
test cumbersome and slow. The more that becomes known about 
turbine nozzles the more it is apparent that the situation is ag- 
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gravated by the fact that a systematic, statistical approach 
seems to be the only reliable method of controlling closely their 
efficiency. The numerous determining variables are so closely 
interwoven and related to the geometry of the nozzle as a whole 
that only a very large number of tests will yield a satisfactory 
solution. 

It is well known how thousands of wind-tunnel tests on various 
shapes of airplane-wing profiles had to be made before the present 
knowledge of wing behavior was available. The turbine nozzle 
presents a much more complicated problem than the single wing, 
since the close pitching of the partitions, their position on a 
circle, and the compressibility of the medium introduce additional 
variables, 

Here then, was a definite need for mass production of nozzle 
tests. The engineers’ approach to such a problem was chosen, 
to wit, the employment of a labor-saving machine. 

The conception of such a machine was dormant in many engi- 
neering minds. When the need for more and better test. results 
became more and more pressing, the idea began to take form and 
grew into the instrument that is the subject of this paper. 


DesIGN FEATURES OF INSTRUMENT 


The experiences mentioned in the foregoing paragraph crystal- 
lized into the following specifications for the instrument: 

1 The instrument has to record the pressure difference, 
measured with impact tubes between the entrance and the exit 
sides of a row of nozzle or bucket passages. The impact tube at 
the entrance can remain stationary, as it reads a point value of 
an equally distributed entrance energy. Since each test naturally 
is run with the entrance energy remaining constant for one set 
of readings, this impact tube reads a constant pressure. 

The exit impact tube is the traversing impact tube. 
pact pressure at the exit is an indication of the deficiencies of 
energy that are due to the losses in the nozzle. Set at the angle 
of the nozzle, the tube is moved over the nozzle exit at a constant 
clearance, usually equal to the axial nozzle-to-bucket clearance 
in the turbine. The traverse should include at least three single 
nozzle passages. The difference between the two pressures 
should be recorded at a suitable scale. 

One set of readings should consist of a number of traverses 
suitably spaced to give a complete ‘contour map”’ of the emerging 
jet. 

2 From the impact readings, the flow and the energy con- 
tained in the measured point of the jet should continuously be 
calculated. The calculation should be made according to the 
well-known formulas for compressible fluids. (y = 1.4 for air.) 

It was realized that for most velocities and for most purposes, 
the simple formulas for incompressible flow would have been 
sufficient. However, aside from some additional calculation work 
to be made for the design of the instrument, no additional con- 
plication resulted from the application of the accurate flow formu 
las. With the initial pressure and temperature kept constant, 
both quantities are functions of a single variable, the pressure 
difference, and each can be represented by a cam in the instru- 
ment. 

3 The instrument has to integrate mass flow and energy 
against the path of the impact-tube travel. This will result 
line integrals, i.e., the summed up mass flow and velocity energ’ 
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4 The instrument should record the integrals along the im 
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accuracy of plus or minus 0.1 per cent of full scale reading or 
better. A 1 per cent error in the efficiency of a turbine must be 
considered a rather large figure. It was thought that 0.1 of that 
amount would constitute the smallest component part that might 
be of interest. Of course, the result must be so recorded that it is 
easily possible to read the results to such accuracy. 

6 The specified accuracy must be attainable throughout a 
range of nozzle velocities from 800 to 1200 ft per sec. This covers 
a large number of turbine-diaphragm conditions. With lower- 
velocity nozzles, somewhat less accurate results will be expected 
from an instrument designed for the high velocity range. 

7 A high working speed of the instrument is, of course, of 
great importance. An instrument as complicated as this repre- 
sents a sizable investment which must be justified at least par- 
tially by a saving in labor. Increased accuracy and the possibility 
of making tests that otherwise never would have been undertaken 
will compensate for any difference along this line. The speed 
required of the instrument is such that one normal nozzle open- 
ing can be traversed in 1 minute. This represents a speed superi- 
ority over the hand-traversing method of between 7 and 10 to 
1, exclusive of the simultaneous evaluation. 

8 Such speed necessitates one additional specification. The 
instrument that is expected to use such working speed economi- 
cally must possess unusual sturdiness. It was foreseen that it 
would be in practically continuous operation throughout the year. 
The turbine air test is run on a three-shift basis and the setting-up 
time of the test, during which the instrument is idle, is compara- 
tively short. 

The foregoing specifications were met fully, while in several 
points the expectations were considerably exceeded. 


DESCRIPTION OF INSTRUMENT 


The instrument, as it was built, consists of four main-component 
sections, i.e., the traversing system, differential-pressure-measur- 
ing system, integrating system, and the recording system. Fig. 
1 is a diagrammatic representation showing how this device func- 
tions. 

The traversing system consists of a motor-driven worm 4A, 
driving a section of a large gear B, to which is attached the ex- 
ploring impact tube C. This tube is moved in the arc of a circle 
across the nozzle opening D. The speed of the motor E, driving 
this gear, is controlled by means of thyratron tubes (not shown 
in Fig. 1). The speed-control circuit provides for both hand 
and automatic control of the traversing speed to give proper 
integration and recording. 

The differential-pressure-measuring system consists of a 
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photoelectric-controlled balancing circuit F, which operates a 
thyratron-controlled motor G that applies a force, through a steel 
spring H to a flexible bellows J. This flexible bellows divides a 
cylindrical compartment into two sections. The initial impact 
pressure is applied to one section and the impact pressure at the 
nozzle discharge is applied to the other section. The deflection 
of the bellows, due to the pressure difference, turns a mirror J 
and deflects a beam of light which falls on two phototubes. The 
deflection of the beam causes a change in the division of the light 
between the two phototubes. This unbalance operates the 
thyratron motor so that the tension on the spring attached to 
the bellows increases or decreases to restore the bellows to its 
normal position. Since the application of force to the bellows 
by the spring requires an elongation of the spring, which is di- 
rectly proportional to the applied force, the number of turns of 
the motor that extends the spring is directly proportional to the 
total unbalanced force and, hence, proportional to the difference 
in force per unit area on the two sides of the bellows. 

The integrating system consists of two turntables K, turned 
by a Selsyn receiver L, which is driven by the Selsyn transmitter 
M. This transmitter, in turn, is driven mechanically from the 
traversing motor Z. Upon the turntables roll two integrating 
wheels N which are free to turn on their axes, and which may 
also be moved axially along radii of the turntables. 

These integrating wheels are moved radially on the turntables 
by means of two large cams O, which are positioned by the motor 
G, balancing the pressure cell. 

Since the angular displacements of the turntables are pro- 
portional to the angular displacement of the impact tube and, 
since the integrating wheels are positioned by cams that are cut 
to represent the proper functions of the differential pressure, the 
amount the integrating wheels turn is in proportion to the prod- 
uct of the displacement of the impact tube along the arc of the 
nozzles and the functions of the differential pressure. 

In each of the integrating wheels are four holes through which 
is passed a beam of light. As the integrating wheels turn, light 
beams are intercepted four times for each revolution. The light 
beams thus intercepted fall on two phototubes P, which cause 
electrical impulses to operate counting and recording mecha- 
nisms. 

The recording system consists of a chart-drive mechanism Q, 
which moves a paper chart R in proportion to the number of 
turns of the turntables and, therefore, in proportion to the mo- 
tion of the impact tube. Recording simultaneously on this chart 
are three pens S, 7, and U, which record the differential pressure 
and the two integral functions. The differential pressure is re- 
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corded in the center of the chart and the integrals along the two 
sides. The pen 7, recording the pressure, is moved by the motor 
G, which drives the pressure-balancing system. 

The electrical impulses caused by the rotation of the integrat- 
ing wheels are used to actuate ratchet-and-pawl mechanisms V. 
Turning with the ratchets are two cardioid cams W, which act 
through their followers to move pens S and U, in steps, back and 
forth along the sides of the charts. Fifty electrical impulses are 
required to turn the ratchets and cams one revolution. By 
counting the impulses recorded on the sides of the chart, 50 for 
each cycle, the integrals between any two points on the chart are 
quickly obtained. 


Fic. Pressure CELL AND OPTICAL SYSTEM OF RECORDER 


Since it was required that the over-all accuracy of the pressure 
system, integrator, and recorder be within limits of plus or minus 
0.1 per cent, special care had to be taken in the mechanical and 
electrical details for the design and construction of this instru- 
ment to make this possible. 

In the pressure cell, attention was given to the linearity and 
permanency of calibration of the steel springs used to balance 
the differential pressure of the diaphragm. A double helical 
spring was used, the two halves coiled in opposite directions to 
eliminate the effect of twisting as the spring extended and con- 
tracted. 

The volume of air in the low-pressure compartment of the pres- 
sure cell was minimized by almost completely filling this com- 
partment with oil. This was done to reduce the time required for 
the pressure in this compartment to reach its ultimate value when 
extremely small impact tubes were used. In some cases a modi- 
fied hypodermic needle is used as an exploring impact tube. It 
can readily be seen that a large volume of air in this compartment 
would slow down the response of the pressure cell considerably. 

To detect any deflection of the flexible bellows away from its 
normal position, a pivoted armature is mounted so that a sharp 
point, attached to the bellows, bears on this armature in such a 
way that any motion of the bellows causes the armature to rotate 
on its pivots. Attached to the armature is a small mirror that 
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turns with it and deflects the light beam. The image of the small 
coiled filament of a lamp falls on a divided mirror, after being 
reflected from the mirror on the armature. This divided mirror 
splits the light beam, causing the two parts of it to fall on two 
phototubes. These phototubes are electrically connected in a 
bridge circuit. Any change in the division of light falling upon 
them causes a change in the balance of the bridge circuit. A 
split-field series motor operated by means of thyratrons in re- 
sponse to the voltage unbalance in the bridge circuit tends to 
restore the balance of the bridge as previously explained. 

The over-all sensitivity of the bellows, optical system, and the 
electrical circuit is such that the thyratron motor responds to a 
differential pressure of less than 0.0075 in. of mercury. 

Fig. 2 illustrates the pressure cell and optical system. 

A differential pressure of 30 in. of mercury causes the two large 
cams to turn 350 deg. The cams were calculated from the 
formulas for mass flow and energy of flowing air. 

A total of 350 points was calculated for each cam and the cams 
were cut to an accuracy of plus or minus 0.0002 in. 

The integrating wheels were made of tool steel and chromium- 
plated to prevent corrosion and to give a hard long-wearing sur- 
face. Jewel bearings were used for the integrating wheels, in 
order to minimize friction which might cause slippage between 
the integrating wheels and the turntables. Plate glass was used 
for the surface of the turntables, giving a hard smooth surface 
for the integrating wheels to roll on. 

Fig. 3 shows the mechanical arrangement of the parts which 
constitute the integrating system. 

In the recording system, two gear shifts are provided. One 
shift lever changes the ratio of chart speed to turntable speed, 
giving three speed ratios. 


Fig. 3 or INTEGRATING SYSTEM OF 


The other gear-shift lever allows for magnification of the pre 
sure record when low differential pressures are to be recorded. 
Three ratios are also provided in this gear shift. 

A hand crank is used to adjust the calculating cams to the 
proper position for integration. The position of the cams is it- 
dicated by two dials at all times. 

Below the recorder compartment are the manual speed-control 
knob for the traversing motor and two switches. One switeb 
reverses the traversing motor and, at the same time, changes the 
connections to the Selsyn receiver, driving the turntables so that 
the turntables and recording chart run in the same direction fot 
both directions of travel of the impact tube. 

The other switch changes the speed control from manual 
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Fic. 4 INTERIOR OF THE LABORATORY WITH THE RECORDER IN SERVICE 


automatic. When the switch is in the automatic position the 
traversing-motor speed-control circuit is connected to the pres- 
sure-cell control circuit so that the speed of the traversing motor 
is dependent upon the balance of the pressure cell. When the 
differential pressure is changing rapidly, the traversing motor 
runs more slowly than when it is constant. 

In order that the accuracy of this instrument might be main- 
tained, it was built as sturdily as possible, and a number of safety 
features were incorporated so that no damage would result from 
the application of abnormal pressures to the pressure cell. An 
overdrive mechanism operates when the pressure-recording pen 
reaches its limit of motion. The pen stays at its maximum or 
minimum on the chart until the differential pressure returns to a 
value which again brings the pressure-recording pen on scale. 

The large cams are prevented from turning too far by a similar 
overdrive mechanism which stops them at their limit of motion 
without damaging the instrument. 

A second Selsyn receiver is arranged so that it, instead of the 
pressure cell, may drive the integrating cams and pressure pen. 
This Selsyn turns in synchronism with the Selsyn receiver that 
drives the turntables and is used in checking the accuracy of the 
integrator and recorder. This accuracy check gives the integra- 
tion of an equivalent differential pressure which varies uniformly 
from 0 to 30 in. of mercury in 1600 turns of the traversing motor. 
This integral has been accurately calculated. The comparison 
of this theoretical value with the recorded value gives an ab- 
solute check of the integrator. 

The accuracy of the pressure-measuring system and the in- 
tegrating system are checked daily. It has been found that the 
over-all accuracy of the instrument stays well within the required 
0.1 per cent. 

Fig. 4 shows the instrument in actual use. It was designed by 
the general engineering laboratory of the General Electric 

ompany in close cooperation with the turbine-engineering 
department. It was built entirely by the former. 


Fic. 5 Comparison oF Mopets or Two Nozzies Usep For TEstT 


APPLICATION OF INSTRUMENT 


The problem to be solved, herewith, to demonstrate the use of 
the recorder was the design of a nozzle partition for a given set 
of geometrical conditions with the additional specification of a 
high strength of the trailing edge against a high steam-pressure 
difference. Two nozzle models were made having partitions of 
different design, Fig. 5. The dimensions of the annulus, the 
exit angle, and the depth of the diaphragm are identical in both 
cases—so is, of course, the workmanship. The only difference 
is the contour of the actual passage and that of the partitions, 
a difference that will easily escape the eye of the nonspecialist. 
Fig. 8 shows, as the final result, the efficiency of both nozzles 
plotted against the theoretical air velocity. As can easily be 
seen, one is superior to the other by a very comfortable margin. 
A difference of the same order of magnitude would be expected 
from the nozzle partitions were they put in a turbine. The two 
curves also show the accuracy that can be obtained with this test, 
all of the actual test points, which in no way have been corrected, 
forming a good curve. Deviations from this curve are less than 
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0.1 per cent not of full scale reading of the instrument, but of any 
reading at the tested velocity. It must be remembered that this 
result is obtained, not from the instrument alone, but that the 
final cross integration in the radial direction has been made by 
the manual cross plotting of the line integrals, drawing the curve 
and planimetering two areas. 

Figs. 6, 7, and 8 show the stages of this calculation. Fig. 6 
shows one original record per nozzle as obtained from the instru- 
ment. It is one of 15 traverses over three nozzle passages at one 
velocity. For each constant velocity (constant initial pressure) 
15 such traverses were made. The more efficient nozzle was tested 
at 9, the other nozzle at 6 velocities. The curve in the middle of 
the paper is the curve of impact pressure. The friction and wake 
loss, caused by the partitions, can readily be seen. The stepped 
zigzag lines along the two margins give the continuous integra- 
tion of mass flow and energy. The number of small steps be- 
tween any two points of the traverse is proportional to the in- 
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tegrated mass flow andenergy. Each step represents a !/, revolu- 
tion of a planimeter wheel, which serves as the unit of the in- 
tegrated energy values. The integral curves are folded over after 
each 25 steps to allow for a scale large enough so that 0.1 per 
cent can conveniently be read. The figures shown on the curves 
are the mass-flow and energy integrals, counted up for the three 
openings, and also the total length of periphery covered by the 
flow from the three passages. 

In Fig. 7, these energy and flow integrals are shown plotted 
against radial height of the nozzle. The scale of the ordinate is 
given in energy units, i.e., quarter turns of the integrator wheels. 
Since efficiency ratios only are of interest in this test, a conversion 
into customary energy values is considered unnecessary. The 
ratio between the areas under the theoretical and actual energy 
curves is the efficiency. The dotted curve gives the arc effi- 
ciencies, i.e., the efficiency of each individual traverse as taken 
along the traversed arc. It shows the location and size of the 
deficiencies given by mass flow and energy. For each constant 
theoretical air velocity one such curve sheet is made. The final 
result appears in Fig. 8, as previously indicated. 

These curves explain, at least to an engineer, better than words 
the advantages accruing from such a test and also, of course, of 
instrument that permits the large-scale application of the 

st. 

No sooner was the instrument built than its advantages were 
used to the utmost. Many problems that formerly would never 
have been attacked in an experimental way are now handled in 
& matter-of-course manner. One very important application of 
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the instrument is the checking of finished nozzle diaphragms be- 
fore they go into the turbine. It is often desirable to make sure 
that no variations of design or of finish have reduced the expected 
efficiency. Automatically such variations are submitted to the 
instrument and its judgments obeyed. 

It hardly need be emphasized that the cooperation of this 
new member of the turbine-engineering department of the 
General Electric Company has been greatly welcomed and at 
present enjoys complete confidence. 


Discussion 


Winston R. New.‘ We are indebted to the authors princi- 
pally for their concurrent emphasis of the general need for recog- 
nition of the great number of variables upon which steam-turbine 
stage efficiency depends. With a background of well over 5 years 
of successful experience in the use of completely mechanized 
exploratory traverse equipment, we are gratified at their second 
statement in the section, ‘‘Design Features of Instruments,” as 
well as other statements by independent experts, which so thor- 
oughly justify the type of flow research now a fundamental part 
of turbine engineering by the writer’s company. We join them 
in paying tribute to the engineers who instituted and partially 
developed search-tube studies, not 19 years ago, as has been 
stated, but well over 30 years ago, principally in Europe but also 
at many places in this country. 

Turbine engineers have been quick to realize that a strict ad- 
herence to the recognized criteria of dynamic similarity surrounds 
model testing with difficulties almost as insuperable as those 
which prevent more exhaustive experiments on full-size, steam- 
driven stages. Coupled with this, there seems to have been a 
general failure on the part of many investigators to recognize 
the important part of the turbine-flow problem from the view- 
point of the designer, or to realize what appears to this writer to 
be the main strength of air tests. Too much emphasis has been 
given to fragmentary results established by tests at a few combi- 
nations of conditions for which most criteria of dynamic similarity 
could easily be satisfied. On the other hand, too little emphasis 
has been accorded to the systematic prosecution of a comprehen- 
sive program embracing both the nature and magnitude of the 
energy losses in representative turbine elements, and their mode 
of dependence upon key variables involved. Samples of the kind 
of comparative information needed, selected from a file of thou- 
sands of tests, constitute part of a current Westinghouse communi- 
cation to the profession. When such results are available, im- 
provement in design follows, independent of whether or not the 
general level of laboratory measurements is optimistic or can be 
applied without modification to the prototype. 

Attempts to magnify an energy loss of 1 per cent to make it 
sound more impressive bespeaks an inadequate grasp of the mag- 
nitude of destructive effects encountered in a general treatment 
of fluid-flow problems. Further experience in the application of 
their method will reveal to the authors the wisdom of avoiding 
needless restriction of search-tube exploration only to the com- 
paratively efficient assemblies. With the multiplicity of vari- 
ables upon which stage efficiency depends one cannot go far from 
the old established paths in many directions without encounter- 
ing the more significant losses. To cite but a single case; exces- 
sive pitch of blades with large turning angle almost invariably 
results in a loss of fluid contact from the passage wall (called 
“stalling flow” in aeronautics) with complete collapse of perform- 
ance and not merely a decline of a few per cent in efficiency. 

The instrument described by the authors is ingenious but com- 


4 Research Engineer, Westinghouse Electric & Manufacturing Co., 
Philadelphia, Pa. 
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plicated by the adherence to photoelectrically controlled mechani- 
cal means for both recording and integrating. We have preferred 
a combination of direct mechanical and electrical means employ- 
ing the magnetic-strain gage as the sensitive element. A brief 
exposition of major differences between the two methods and 
equipment seems appropriate in this discussion. 

The cell shown in Fig. 9 of this discussion for converting pres- 
sure differentials into small displacements, in content not unlike 
the one described in the paper, has been used successfully in the 
South Philadelphia flow laboratory for over 7 years. At this 
point, however, the similarity ceases, for the displacement in this 
pressure cell is communicated directly to a magnetic keeper sup- 
ported at small clearances from the pole faces of two U-cores. 
High-frequency excitation at constant voltage is furnished by a 
small inductor alternator to primary windings connected in 
series on the U-cores. Secondary windings, connected phase- 
opposed, produce a small voltage linearly proportional to the 


Fig. 9 PressurE-DISPLACEMENT CELL 


differential pressure on the cell, due to variation in coil reactance 
with motion of the iron keeper. This voltage is applied to a suit- 
able, high-speed recording voltmeter and to the current coil of a 
high-precision induction watt-hour meter. The potential coil 
of the watt-hour meter is fed from the constant voltage of the 
alternator. The search tube and recorder chart are driven 
through gears, permitting a selection from among several speeds, 
by small synchronous motors. 

Traverse records from the voltmeter are identical to those 
produced by the center pen of the instrument described by the 
joint authors. The watt-hour-meter speeds corresponding to 
zero and 100 per cent efficiency are known constants which can be 
readily checked by subjecting the pressure cell to the required 
maximum and minimum pressure differentials. Integration of a 
traverse simultaneously with its recording consists merely of 
counting the watt-hour-meter revolutions for the time of transit 
of the search tube over an integral number of blade pitches and a 
small amount of simple arithmetic. 

The sensitivity of this system is about the same as the figure 
of 0.0075 in. of mercury given in the paper. Calibrations system- 
atically repeated over a period of many months likewise ex- 
hibit remarkable consistency. Two of the complete assemblies, 
herein briefly described, and shown in Fig. 10 are still in almost 
daily operation. 

It is recognized, of course, that our integration proceeds from 
a motion proportional to a pressure difference instead of a com- 
bination of odd powers of pressure ratios. A small, experimen- 
tally determined, additive compressibility correction to efficiency 
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Fie. 10 AssemMBLY VIEW OF WESTINGHOUSE AUTOMATIC-FLOW- 
EXPLORATION EQUIPMENT 
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given as Fig. 8 in a paper® by the writer insures that the simplicity 
of this method involves no sacrifice in accuracy. 

The use of segmental packs, as indicated by the authors, i 
stead of rectangular grids with blade edges parallel from base © 
tip is an unjustified complication. It does not insure closer sim 


5‘*An Investigation of Energy Losses in Steam-Turbine Element 
by Impact-Traverse Static Test With Air at Subacoustic Velocities. 
by Winston R. New, published on page 489 of this issue of & 
Transactions. 
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lation of turbine-operating conditions except possibly for the 
single case of Curtis stage nozzles with a nondirectional stream 
at the inlet. Furthermore, it always obscures the comparison 
sought between two or more models by introducing changes in 
several features of the geometry at the same time. Thus any 
attempt to specify a dimensionless pitch or gaged opening for the 
nozzles used as an example in the authors’ paper immediately re- 
quires designation of the radial position at which the measure- 
ments are to be made. This criticism is based upon use of the 
instrument as a research tool and does not apply for purely com- 
parative work on alternative assemblies of temporary commercial 
significance. 

In concluding these comments attention should be called to 
an important matter relative to the use of impact tubes at super- 
sonic velocities which seems to have escaped consideration by the 
authors. Quoting from the section “Design Features of the In- 
strument:” ‘The specified accuracy must be attainable through- 
out a range of nozzle velocities from 800 to 1200 ft per sec.” 
Assuming that the compressed air expands from a room tempera- 
ture of say 70 F, local acoustic velocity is reached in the stream at 
1031 ft per sec for zero energy loss. With reheating of the jet 
due to losses, the acoustic velocity at any point will be somewhat 
higher, but by comparatively little, say 1050 ft per sec. The up- 
per limit of test velocities mentioned is, therefore, quite certain 
to be substantially in excess of the local acoustic velocity. When 
this supersonic-velocity stream encounters the muzzle of the im- 
pact tube, a compression shock occurs. This process involves an 
abrupt deceleration to a subsonic velocity with increase in en- 
tropy. The subsequent isentropic compression to zero velocity 
at the impact tube fails to restore the initial-state point of the 
fluid even if there were absolutely no energy losses along that 
particular filament through the passage. Thus losses attributable 
solely to the measuring method might be wrongly charged to the 
assembly on test. 

Some idea of the magnitude of losses due to compression 
shock at the impact tube may be obtained from Fig. 11 of this 
discussion. Impact tubes with differently shaped leading edges, 
but each fashioned from a hypodermic needle with 0.025-in. 
bore and 0.013-in. wall thickness, were properly oriented in the 
substantially loss-free core of a jet from a blade grid exhausting 
to the atmosphere. The measured reservoir pressure ahead of the 
grid was gradually increased and at each step the difference be- 
tween reservoir pressure and impact pressure was observed for 
each impact tube. The critical pressure ratio for air is about 
0.5283 and the pressure ratio corresponding to a jet velocity of 
1200 ft per sec is in the neighborhood of 0.4 with expansion from 
room temperatures. Of interest are the conclusions: 


1 Losses in the central core (remote from blade surfaces) of a 
subsonic-velocity jet are negligible. 

2 The shape of the leading edge of the impact tube is not eriti- 
cal for subsonic-velocity exploration. 

3 Shock loss at the impact tube can amount to several per 
cent of the initial pressure for pressure ratios in the order of 0.4. 
The importance of not overlooking this where accurate loss 
measurements are essential seems to require no f urther comment. 

4 The shape of the leading edge of the search tube materially 
affects measurements at supersonic velocities. 


Much thought has recently been given to the matter of search- 
tube exploration at highly supersonic velocities. Further con- 
sideration of this, however, lies beyond the scope of the present 
discussion. 


J. I. Yeutorr.* The results, shown by the authors in Fig. 8, 


* Assistant Professor of Mechanical Engineering, Stevens Institute 
of Technology, Hoboken, N. J. Mem. A.S.M.E. 
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indicate the great value of the type of equipment which is so well 
described in their paper. Without endeavoring to predict 
analytically the exact performance with steam in an actual tur- 
bine, it is undoubtedly true that “what is better with air will be 
better with steam.” 

The extremely ingenious devices whereby variations in impact 
pressure are transformed into efficiency variations deserve par- 
ticular note. The writer has had the opportunity of seeing this 
equipment in operation and he has been particularly impressed 
with the ease and rapidity with which accurate data can be se- 
cured. 

It would be valuable for the authors to comment briefly on 
the materials from which the models are made. The relatively 
low cost of these models is a valuable feature, and the ease and 
rapidity with which changes can be made is another factor to 
which attention should be called. 


G. B. Warren.’ Both of these papers® are valuable contribu- 
tions to the literature dealing with the details of the steam-tur- 
bine art. The authors are to be commended for attempting to 
apply to the steam-turbine problem much of the recent knowl- 
edge with respect to fluid flow, most of which has been worked 
out in connection with aerodynamic research relating to air- 
planes. 

As higher and higher efficiencies are obtained with the turbine 
elements and as a wider range of conditions of pressure, tempera- 
ture, vacuum, etc., are encountered, the relationships expressed 
as Reynolds’ number, Mach’s number, etc., begin to have 
greater importance. 

On the other hand, it might be worth while to review some of 
the history relating to the development of this research tool as it 
has been worked out by the writer’s company, through the period 
when rapid gains were being made on the less efficient turbine 
elements with this and other tools in their cruder first forms. 

Following the rapid development of the turbine through the 
World War period of 1915 to 1919, it became apparent to those in 
charge of the General Electric Company turbine work that means 
would have to be sought to obtain more accurate information as 
to what was occurring inside the turbine-blading elements. 

Two research tools were set up in 1920 to remedy this situation. 
The first was an 8-stage 2500-kw test turbine. In this machine, a 
large number of nozzle-and-bucket combinations were tested 
during the next few years, with steam under actual conditions of 
operation. 

In parallel with this, a second tool was set up in the form of a 
nozzle-reaction testing machine in which actual nozzle elements 
could be tested over a wide range of steam conditions. Some of 
the results of the testing on this second tool were set forth in a 
paper? presented by J. H. Keenan, then of the General Electric 
Company, turbine engineering department, now professor of 
mechanical engineering at the Massachusetts Institute of 
Technology, and the writer. A comprehensive research program, 
covering scores of nozzle designs, both expanding and nonex- 
panding and at a range of velocities from 500 ft per sec to 4000 ft 
per sec was studied. 

Early in this program, it became apparent that both of these 
tools gave over-all answers and did not permit an analysis of the 


7 Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, New York, N. Y. Mem. A.S.M.E. 

5 This discussion applies jointly to the present paper and the paper 
‘An Investigation of Energy Losses in Steam-Turbine Elements by 
Impact-Traverse Static Test With Air at Subacoustic Velocities,’ 
by Winston R. New, which appears on page 489 of this issue of the 
Transactions. 

®**4 Machine for Testing Steam-Turbine Nozzles by the Reaction 
Method,”’ by J. H. Keenan and G. B. Warren, Trans. A.S.M.E., vol. 
48, 1926, pp. 33-64. 
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places in the various elements in which losses were occurring. 

In order to meet this situation late in 1920 and early in 1921, 
W. E. Blowney of the turbine engineering department of the 
General Electric Company started out to build wood models of 
single-nozzle passageways, picking out certain nozzle passage- 
ways in some turbines which did not appear properly designed, 
particularly those in which a change of diameter occurred be- 
tween successive wheels. These models were blown with air on a 
simple test stand and the jet was traversed in a crude way with 
an impact tube. 

It immediately became evident that there was often a “hole” 
in the discharge of the nozzle, that is, a spot over a considerable 
portion of the nozzle height in which the velocity was much lower 
than normal. It could be felt by traversing the nozzle jet with 
one’s finger. 

The next step was to make the jet visible, and an attempt was 
made to introduce a water spray in the air. This showed up cer- 
tain irregularities in the flow although, because of the inertia of 
the water, a false picture of the true direction of the jet was ob- 
tained. 

Next, low-temperature steam was tried mixed with the air and 
the jets were photographed, with some additional gain in results. 

The next step Blowney tried was to put paint dots on the in- 
side of the nozzle passageway. The air was turned on while the 
paint was wet, and the dots were, of course, streaked out in the 
direction of the air in the boundary layer at each particular loca- 
tion. 

Although crude, all of these methods gave results which were 
immediately turned into improvements in construction and which 
resulted in some gains when applied to the 8-stage test turbine 
described. 

H. L. Wirt was then given charge of this development; under 
his direction it advanced with great strides during the ensuing 
years. Later the work was continued under the direction of 
others. 

The next development was, of course, the testing of multi- 
nozzle passageways with much mote refined impact tubes and the 
expansion of Blowney’s “‘paint-dot” practice into a means of 
getting a “flow cast” of the nozzle, showing the flow in the 
boundary layers which, to the experienced eye, permits a close 
approximation to the total flow in the nozzle to be derived. 
Much of this work was described in a paper’ written by H. L. 
Wirt. 

This tool was then added to the two previously described, and 
many points of great inefficiency were discovered in the turbines 
as then designed which were rather quickly and definitely cleaned 
up. 
The writer has in mind three particular changes in construc- 
tion, two of which each method of testing showed to give sub- 
stantially comparable gains. The third modification in construc- 
tion was not susceptible of analysis on the reaction nozzle-testing 
machine, but was discovered in connection with the air test, and 
widely applied to the test turbine and actual turbines in service 
with resulting improvements in over-all performance. 

The nozzle-reaction test was discontinued in 1928, but the “air 
test’’ has remained as an ever-expanding tool for the turbine de- 
signers, and has continued to give gains in over-all turbine per- 
formance year by year. It has been expanded so as to cover not 
only turbine nozzles and buckets, but the flow through valves, 
inlet-steam chests, exhaust “hoods,” crossover connections, 
piping connections, and all parts of a turbine where fluid flow 
with low loss is an important factor. 


10 *‘An Experimental Investigation of Nozzle Efficiency,”’ by H. L. 
Wirt, Trans. A.S.M.E., vol. 46, 1924, pp. 981-1003. 


AvuTHorRs’ CLOSURE 


As Mr. New states, there are some earlier publications on the 
art of flow testing as applied to steam turbines. They are all 
mentioned in Professor Stodola’s book and are thus readily ac- 
cessible. Therefore, it does not seem necessary to elaborate fur- 
ther on this matter. 

The phenomenon of jet separation or stalling ow, as Mr. New 
calls it, was correctly explained by L. Prandtl in 1904. It truly 
is most destructive. Fortunately, this phenomenon is under our 
control. Except for related phenomena occurring at supersonic 
conditions, there is little reason to be apprehensive on this ac- 
count. It appears the part of wisdom to devote the greatest 
effort toward the improvement of nozzles and buckets already 
known to be good. 

Mr. New has suggested that the testing of nozzles grouped 
around a circle is an unjustified complication. We cannot agree 
with this attitude. However, he does admit its value for com- 
parative assemblies of commercial significance. We fully agree 
with this opinion. In fact, we consider successful commercial 
application to be our one guiding principle. Therefore, our re- 
search must adapt itself to the additional space variable, uncom- 
fortable as that complication may be. 

The correction of impact-tube readings under supersonic condi- 
tions has been given careful consideration. No fear from wrong 
readings appears justified down to pressure ratios as low as 0.5. 
The velocities mentioned in the paper are based on an initial 
temperature of 185 F, which corresponds to a minimum over-all 
pressure ratio of 0.5. Thus, the highest velocity corresponds to 
expansion from double atmospheric pressure. 

The instrument described by Mr. New furnishes, as results, 
velocity coefficients, assuming air to be an incompressible fluid. 
A compressibility correction is then introduced. Such a corree- 
tion is based on a particular assumed average form of loss curve. 

There can be no argument about the value and practicability 
of using assumptions and simplifications in connection with engi- 
neering problems. They always are present in great number:and 
their existence and limitations must always be borne in mind. 

In view of this situation, the authors felt inclined not to intro- 
duce, by a measuring method, additional deviations from true 
conditions which in turn involve additional watchfulness and cor- 
rections. This point of view has been held by the research engi- 
neers of the General Electric turbine air test since its inception, 19 
years ago. 

It appeared to be possible to build, without too great an effort, 
an instrument which is free from all limiting assumptions and 
correction factors. This course was so attractive that the Gen- 
eral Electric Company designed and built its instrument based 
on this reasoning. It furnishes accurate efficiency directly from 
the measurements and without any limitations and qualifications. 

Mr. New’s instrument uses electrical measurements only. The 
use of purely electrical measuring equipment was, of course, con- 
sidered during the design of our apparatus. However, its accu- 
racy at the desired speed of operation was not accepted as satisfac- 
tory. Hence, the vastly more accurate and speedier photoelec- 
tric control of mechanical measuring equipment was chosen. 

In the paper the authors mention that wood is used as model 
material. Following Professor Yellott’s suggestion, this fact is 
herewith emphasized. Where standard partitions are tested, 
steel nozzle partitions are inserted in the wood. Novel and spe 
cial partitions are carved from hard wood. Thus, there is great 
freedom in building new models and such saving in time that the 
speed of the instrument can be used to best advantage. 

No further comment appears necessary on Mr. Warren’s vivid 
description of the early history of the General Electric air tests. 
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An Investigation of Energy Losses in 
Steam-Turbine Elements by Impact- 


Traverse Static Test With Air 
at Subacoustic Velocities 


By WINSTON R. NEW,! PHILADELPHIA, PA. 


Efficiency of any turbine stage depends upon many vari- 
ables. Blade pitch, orientation, height, and velocity ratio 
among purely geometrical quantities, and effects attributa- 
ble to compressibility and viscosity of the medium all 
deserve special consideration. Investigation of energy 
losses as functions of the key variables is accomplished 
statically on various forms of equipment among which 
the impact-traverse tester is considered an important type. 
The necessary and sufficient conditions to be satisfied by 
the static test, in order that it represent fully dynamic 
conditions are (a) the flow relative to the given static ele- 
ment must be at all points the same in magnitude and 
direction as it would be if the element were in uniform ro- 
tation relative to the flow in a turbine; (6) output of the 
element measured statically must differ from power only 
by the linear-velocity term eliminated by the static test. 
The apparatus, procedure, and results attained in meeting 
these test requirements are explained by the author. 


NOMENCLATURE 
The following nomenclature is used in this paper: 
SymBou DEFINITION 
GEOMETRICAL QUANTITIES (REFER TO Fig. 1) 
a....... Efflux angle. Angle which leaving 
velocity relative to blades makes 


Unit 


with exit plane of row........... deg 
8.......Entrance angle. Angle which ap- 

proach velocity relative to blades 

makes with inlet plane of row... . deg 
in. 
n.......Number of pitches (passages) in test 

0 ..Minimum opening between blades. . . in. 
r.......Mean radius of bladed annulus... . . ft 
in. 
u. . Peripheral blade velocity at radius r. ft per sec 
Blade or groove width measured in 

direction of turbine axis......... in. 
4w.....Small distance beyond exit edge of 

blade measured in direction of w. . in. 
t.......Coordinate of position of exploring 

tube measured in direction of s... in. 


‘Research Engineer, Westinghouse Electric & Manufacturing 

ompany. 

Contributed by the Power Division and presented at the Annual 

eeting, Philadelphia, Pa., December 4-8, 1939, of THe AMERICAN 
ETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Tee Coordinate of position of exploring 
tube measured in direction of h.... in. 
Angular displacement............. 1 


GENERAL QUANTITIES 


y. eee Minimum area of a passage........ sq ft 
c,......Constant-pressure specific heat of 

Ceccstes Constant-volume specific heat of air. Btu per lb per deg F 
g.......Acceleration of gravity............ ft per sec per sec 
Enthalpy change at constant en- 

Micsisas Mechanical equivalent of heat...... ft-lb per Btu 
k.......Exponent of isentropic expansion, 

Cp/¢» for an ideal gas to which air 

is assumed to conform........... 1 
Constant of proportionality... ..... 
Useful power output of a stage... .. Btu per sec 
iad. Aggregate energy loss in a stage... . Btu per sec 
W...... Actual rate of Ib per sec 
Wescaxs Theoretical rate of flow with purely 

isentropic changes of state....... lb per sec 


Pressures, DENSITIES, AND TEMPERATURES (REFER TO Fic. 3) 


P, Initial absolute air pressure, density, and ib per oq ft 
absolute temperature in reservoir Ib per eu ft 
T,\ absolute temperature in reservoir... . .. deg F 

| Absolute static pressure and air density at 

y,) —sany ‘point (z, y, Aw) in a plane beyond 


Ib per sq ft 


and parallel to plane of exit edge of blades 
lb per cu ft 


and distant Aw therefrom 
Absolute impact pressure (static plus dy- 
" namic) and air density at any point (z, y, 
Aw) in a plane beyond and parallel to 

plane of exit edges of blades and distant 1 Ib per sq ft 


Ib per cu ft 

P, Barometric pressure, resulting air density, 

yi? ++: and absolute temperature at any point 

T; (xz, y, Aw) reached by actual expansion ({ lb per sq ft 
from conditions (P,, 7.) in reservoir to { lb per cu ft 

nn’ Air density and absolute temperature result- 


ing from isentropic expansion from condi- § lbper cu ft 
tions (P,, T:) to pressure P; deg F 


VELOCITIES AND Forces (REFER TO Fic. 3) 


C, | Velocity and net force on blade pack result- 

F,\ °°” ingfrom isentropic expansion from condi- 
tions (P,, T,) in reservoir to atmospheric 1 ft per sec 
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Cian Actual velocity at any point (x, y, Aw) in 
plane beyond and parallel to plane of exit 
edges of blades and distant Aw therefrom. 

Ore Integral of elementary forces dF on blade 
pack resulting from elementary flows 
d(W/g) at velocities C................. 

Ficcwie Net force on blade pack resulting from an 
actual flow W/g from conditions (Pi, 7:) 
in reservoir to atmospheric pressure P). . . 

Chesca Fictitious mean velocity for blade pack de- 
fined as quotient of actual net force and 

Banc Acoustic velocity in air at temperature re- 
sulting from isentropic expansion from 
conditions (P,, T,) to atmospheric pres- 


ft per sec 


lb 


lb 


ft per sec 


ft per sec 
DIMENSIONLEss Ratios 


"eee Stage efficiency. Quotient of useful energy 
output and available energy 

Velocity ratio u/c 

Pee Aggregate energy loss in per cent of avail- 
able energy 

es. Energy loss along any particular filament 
from reservoir to measuring point in per 
cent of available energy 


ee Value of 6 when effect of compressibility ‘of 
fluid may be neglected 

Pe Efficiency of narrow slice dy of passage of 
height h, neglecting compressibility of 
fluid 

es Value of w corrected for compressibility of 
fluid 

Profile efficiency. Special value of w. char- 
acteristic of an infinitely long blade 

| ea Efficiency of a blade passage from impact- 


traverse tests when evaluated, neglecting 
effect of compressibility of fluid 


Riscvek Value of & corrected for effect of compressi- 
bility of fluid 

Pisce Square of momentum coefficient for a blade 
passage defined as (C/C,)* 

esana . .Exponent employed in formulating velocity 


distributions in blade passages 
x.......Compressibility factor 


INTRODUCTION 


Recent technical literature appertaining to problems of steam- 
turbine design contains many articles on the use of air in the 
study of turbine elements normally steam-driven. By “turbine 
elements” are meant, collectively, stationary or moving passages 
accommodating a flowing elastic fluid with enthalpy changes, 
functioning as generators or absorbers of momentum or both. 
Air rather than steam is used as a test medium because of practi- 
cal considerations, such as economy, simplicity in design and 
operation of the equipment, less danger to observers who work 
with instruments directly in an exposed high-velocity jet, more 
precise measurements on a more homogeneous medium, easier 
control of test conditions, and the applicability of perfect gas 
laws to simplify analysis. 


SIMILARITY REQUIREMENTS 

Adequacy of air tests as a means of indicating performance 
coefficients for steam-driven apparatus required extensive justifi- 
cation. Some of the articles (1, 2),? referred to in the preceding 


2? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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paragraph, deal with the general theory of mechanical similarity 
applicable to this phase of model testing. It has been shown 
that, for dynamic similarity of flow of two elastic fluids with no 
free surfaces, four criteria of similarity must, in general. be satis- 
fied, namely, geometrical similarity, and equality in Mach’s, 
Reynolds’, and atomic numbers. Fulfillment of these conditions 
insures equality in all dimensionless coefficients of which efficiency 
is one, appertaining to the two flows. 


VARIABLES AFFECTING PASSAGE EFFICIENCY 


The turbine designer usually wants to know how passage 
efficiency depends upon blade shape, pitch, orientation, height, 
and velocity ratio at which the stage must operate. For any 
series of blades of different sizes but geometrically similar in 
cross section, it is possible to define three simple dimensionless 
ratios which, together with one angle, completely specify geo- 
metrical similarity. This is made clear by Fig. 1. If chord 
dimension / is chosen as a reference length, it is only necessary to 
know h, hy, ls, ... ete., to designate a blade of the chosen series, 
since the blade sections are geometrically similar. Then ratio 
s/l defines blade spacing or pitch measured circumferentially; 
ratio o/s defines blade orientation within the row; ratio h/l 
defines blade height; and angle 8 defines the velocity field in 
which the blades work. These parameters are called pitch/chord 
ratio, gaging, aspect ratio, and entrance angle, respectively, and 
collectively fix the geometry of the test passage. Efflux angle a 


Fig. 1 GEOMETRICALLY SrmILAR BLapE PassaGes AND CoNvE 
TIONAL VELOCITY TRIANGLE 
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NEW—ENERGY LOSSES IN STEAM-TURBINE ELEMENTS 


cannot be chosen at will. This angle, like the energy losses, is a 
consequence of the particular flow established. It is a measur- 
able but not predictable quantity. 

From the velocity triangle in Fig. 1, the actual velocity ratio of 
wheel speed to fluid speed is determined by the efflux and entrance 
angles. With a given pitch and gaging, it has been generally 
observed that the efflux angle is substantially constant for wide 
variations in any of the other independent variables. Hence, 
it is sometimes convenient to use velocity ratio interchangeably 
with the angles from which it may be calculated. Little gener- 
ality is lest thereby provided the thought does not grow that a is 
absolutely invariant and, therefore, that changes in velocity ratio 
reflect changes in 8 only. 

Experience has verified that the inequality in atomic numbers 
of air and steam is of no material consequence below acoustic ve- 
locity. Reynolds’ number and Mach’s number are the remaining 
parameters affecting a determination of energy losses. These ra- 
tios, arising from considerations unrelated to the geometry of 
the passage, indicate the relative magnitudes of forces affecting 
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Fig.2) Macn’s Ratio as a FUNCTION OF PRESSURE RATIO FOR AIR 
Ci/e = ys 1 


motion of a submerged fluid particle along a streamline and can 
be written directly from the terms of the Navier-Stokes equation. 

In studies of flow through steam-turbine nozzle and blade 
passages, the range of velocities and viscosities encountered would 
theoretically permit of neglecting neither the influences of com- 
pressibility nor fluid shear. Prior to 1937, we had in our 
laboratory no facilities for the independent control of both Mach’s 
and Reynolds’ numbers over wide ranges.? We are, therefore, 
not yet in a position to discuss results of any experiments intended 
to separate these influences, but it has been found possible to 
obtain a comprehensive picture by considering their combined 
effect. 

The Mach number for a constant value of cp/c» is a function of 
pressure ratio (3). The curve in Fig.2 shows the Mach number as 
a function of pressure ratio for air. In our experiments, pressure 
ratio was obtained directly and, in view of the fact that it was 
then only necessary to read Fig. 2 to get the Mach number, refer- 
ence will be made to this single variable. Efficiency measurements 
presented are characteristic of a certain Reynolds number as well 
as the particular Mach number. Along with the four parameters 
mentioned, is the dual parameter herein called Mach’s number. 


These five ratios are key variables affecting efficiency of any blade 
assembly. 


* Equipment recently installed provides for variation of back 
pressure on the test pack, thereby permitting independent control 
of velocity and kinematic viscosity and, hence, of Mach’s and Rey- 
nolds’ numbers. The new equipment bears the same relation to that 
described herein as the variable-density wind tunnel does to the at- 
mospheric-pressure wind tunnel. 
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The variables retained are quantities which change in designing 
turbines of all sizes for a variety of steam conditions, employing 
blade sections of a chosen shape. Results which follow may 
therefore be expected to be of direct interest to turbine builders. 

Since efficiency of any stage depends upon no fewer than five 
variables, there is need for some way other than the conventional 
economy test for providing information. This fact has greatly 
stimulated activity in fluid-mechanics laboratories maintained by 
a number of steam-turbine manufacturers. Investigation of 
energy losses as functions of the key variables is accomplished 
statically on various forms of equipment among which the impact- 
traverse tester herein considered is an important type. 


TurBINE Tests Versus Sratic TEsts 


The power of any engine may be expressed as the product of 
torque and angular velocity 


If with a flow W lb per sec, an elementary turbine delivers power 
N Btu per sec at a constant angular velocity, 6/t turbine efficiency, 
defined as the quotient (energy output) + (energy input), 
becomes 


[2] 


The value of 7 could be determined if some type of dynamome- 
ter were provided for the measurement of N, the flow rate W 
were measured by suitable means, and the energy, made available 
per pound of fluid by isentropic expansion from the initial-state 
point ?:, 7; to the final pressure P., were calculated. If only the 
energy losses arising from friction in the flow of fluid through 
closed passages are of interest, the elementary turbine may be 
further idealized by imposing the restrictions that there shall be 
no leaving loss or mechanical losses of any kind. Under these 
conditions the value of » would become the passage efficiency. 

Flow, relative to the passages in an ideal elementary turbine, 
is unaffected by the uniform angular velocity. Theoretically, it 
would be possible to determine the basic performance of these 
elements with the wheel held stationary, if means of evaluating 
output could be substituted for the dynamometer. This is the 
idea underlying all static testing. The necessary and sufficient 
conditions to be satisfied by the static test, in order that it fully 
represent dynamic conditions, may be summarized as follows: 
(a) The flow relative to the given static element must be at all 
points the same in magnitude and direction as it would be if the 
element were in uniform rotation relative to the flow in a turbine. 
(b) Output of the element measured statically must differ from 
power only by the linear-velocity term eliminated by the static 
test. To comply with these requirements rigidly would be as 
impossible as to satisfy completely all the demands of dynamic 
similarity already mentioned. Some degree of arbitrariness 
must be introduced, and extensive satisfactory experience with 
the static test must remain the final proof of the adequacy of any 
procedure adopted. 

From the definition of power represented by Equation [1], a 
comparison of elements statically or definition of their efficiency 
requires a comparison of forces. The ratio of force actually 
exerted on the blades per unit of mass flow per second to the 
corresponding quantity, assuming isentropic energy release, has 
been selected as a basic index of performance and named velocity 
coefficient. It is to be interpreted as a measure of the perfection 
of a passage as a machine for doing work. Velocity coefficient is 
commonly designed by ¢. The extent to which the impact- 
traverse tests satisfy requirement (a) set forth in the preceding 
paragraph will become apparent from the description following. 
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Practical limitations have largely shaped the technique. The 
extent of conformity with requirement («) is less obvious and this 
is, therefore, made the subject of analysis in a separate section. 


Impact-TRAVERSE TESTS—DESCRIPTION OF APPARATUS 


An impact tube, oriented in the direction of a fluid flow at any 
point and suitably connected to a U-tube manometer or other 
differential pressure gage, is an instrument capable of indicating 
accumulated energy losses to that point from some chosen datum, 
provided that a satisfactory assumption regarding compression 
at the muzzle of the impact tube may be made. Having re- 
stricted the investigation to subacoustic air velocities, thereby 
eliminating the possibility of compression shock at the tube muz- 
zle, and with a tube small in proportion to the dimensions of the 
passage to be studied aligned with the flow so as to receive the 
impact normally, it is fairly certain that the assumption of isen- 
tropic compression is satisfactory. 


Fic. BuapeE Pack MountTep FOR Impact-TRAVERSE TESTING 


Referring to Figs. 3 and 4, a systematic measurement of total 
pressure, at many points along a line normal to the blade edges 
and in a plane distant Aw therefrom, will be called an impact 
traverse. Precaution against unnecessary disturbance of the 
flow finally led to an impact tube improvised from a hypodermic 
needle with 0.025 in. bore and 0.013 in. wall thickness set into a 
nicely streamlined rod and communicating with the tap through a 
hole drilled lengthwise through the rod. Smaller needles have 
been tried with some success, but generally they lack the rigidity 
required to stand without vibrating in a jet with velocities at 
times approaching acoustic value. 

The impact tube was supported in the jet by a traversing 
mechanism built on the side of the reservoir from which the blade 
pack was supplied with air. The reservoir was sufficiently large 
that approach velocity could be neglected and the air considered 
flowing from rest at a pressure P; and absolute temperature 7°. 
The position of the impact tube in space was controlled by three 
lead screws which permitted measurement of coordinates (z, y, 
Aw) from a chosen datum on the pack accurate to 0.001 in. 
Orientation of the tube on the traverse arm was controlled by 
two small worms and sectors which permitted rotation of the tube 
about two axes at right angles. These motions were locked when 
the apparatus was set for traversing. The tube was aligned with 
the flow by sighting on a fine silk thread attached to a thin steel 
rod which the operator held in the jet. The efflux angle a which 
the jet makes with the exit plane of the blades may be measured 
to within +'/, deg by aligning the edges of a bevel protractor 
with the pack and the thread. The search tube is insensitive to 
changes in velocity direction greater than the limit of accuracy in 
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setting, hence, the accuracy of the total pressure measurements is 
unimpaired by the rather crude alignment technique. 

Blade packs were made in the form of rectangular grids by 
soldering or doweling the foils to side bars and adding appropri- 
ate end pieces to enclose fully the passages. Special jigs and tools 
have been developed to secure sufficient accuracy in the location 
of foils. Success in attempts to allocate causes of small differ- 
ences in efficiency to the many variables involved depends upon 
precise workmanship in the building of test packs. Flow to the 
blade packs from the reservoir was through wood approach pas- 
sages of rectangular cross section with well-rounded entrance. 

Energy losses in approach passages can be reduced by good 
design but can never be eliminated. These losses are not dis- 
tributed but are localized at the walls. If a grid of several 
passages be used, and only the interior passages explored, the 
results will be almost entirely free from inlet losses over extremely 
wide ranges of the variables. Since only energy losses in the 
blades are of interest, the possibility afforded by the traverse-type 
test of selecting for study only those passages unaffected by inlet 
losses is a great advantage. 

Studies of the influence of aspect ratio, gaging, and pitch/chord 
ratio require alteration of the blade pack for each test point. 
Variation in the velocity ratio can be accomplished statically by 
changing the entrance angle 8, which is just the angle of the 


Fic.4 Buape Pack TRAVEKSING MECHANISM MOUNTED ON AIK 
RESERVOIR 


approach passage. The influence of Mach’s number or pressure 
ratio is determined by tests with variation in the tank pressure P, 

In any axial-flow turbine, the blades are radially disposed and 
not parallel as in the test packs. Except for the few large low- 
pressure stages of condensing turbines where blades of nonuni- 
form cross section from base to tip are used, the ratio of blade 
height to mean diameter of the stage is small (less than 0.2 and 
usually nearer 0.1) and the flow may, without serious error, be 
considered two-dimensional.‘ Only cases with a blade of uni- 
form cross section throughout its length are considered here. 
The work of such blading per pound of steam flow is normally 
calculated on the basis of velocities at the mean diameter of the 
row. The impact test should be considered as simulating a stage 
in which the blading is disposed on the mean diameter as in the 
test pack, and in which there is a minimum of variation in pite 
and gaging from base to tip of the blade. 

To measure only energy losses occurring in the element, the 
impact-tube muzzle should move in the plane of the exit edges 


4A three-dimensional flow is considered in calculations for lon 
low-pressure blades. 
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NEW—ENERGY LOSSES IN STEAM-TURBINE ELEMENTS 


the blades for which Aw = 0. This is simply saying that, in 
measuring friction losses per pound of fluid flowing through a 
given element, the traverse should exclude the entrainment- 
velocity field beyond the passage ends or that only those filaments 
should be included which would move through the element at 
theoretical velocity if there were no friction. With a finite-size 
impact tube, it is impossible to traverse in the plane for which 
Aw = 0,80 we keep Awa minimum. With the apparatus here 
described, practical limits of Aw are 5 to 15 per cent of the blade 
width depending upon the blade size. All that is necessary then 
is to connect a sensitive differential pressure gage across the 
search tube and reservoir in Fig. 3 and, with the initial pressure P, 
held constant, to measure and to plot as a function of simultane- 
ous values of the position coordinates (x, y), the pressure differ- 
ence (P, — P). The datum or zero point of the coordinate sys- 
tem is arbitrary. 

If only a few blade packs were to be thus explored, a differential 
manometer would serve very well as an energy-loss indicator and 
values of z and y could be measured in terms of the number of 
turns of the lead screws controlling the motion of the search tube. 
The labor involved in mapping out the dependence of energy 
losses upon a number of variables by these primitive means is 
prohibitive. The success of the undertaking rests entirely upon 
the adaptation of electrical means of recording and integrating 
the variation in impact pressure in the traverse plane at no 
appreciable sacrifice in the new order of precision in efficiencies 
made possible by direct-loss measurements. 

To obtain an accurate continuous measurement of the pressure 
difference (P, — P), as the impact tube was driven across several 
pitches of the blade pack, we used the magnetic-strain gage (5). 
Developed as an instrument for precise measurement of small 
displacements, it was only necessary to construct a mechanism to 
move the keeper of the gage linearly proportional to pressure 
difference, and to provide suitable meters for recording and 
integrating the resulting voltage variations. The chart of the 
recording voltmeter and the impact tube were driven by syn- 
chronous motors operated from the same power supply. During 
the passage of the impact tube over n pitches of the pack, indi- 
cated by n cycles on the recorder chart and timed by stop watch, 
the integrating meter totaled a number of revolutions proportional 
ton Ps. The constant speeds of the integrator proportional to 
P, and P, were established by test. To understand how energy- 
loss measurements can be evaluated so as to yield by summation 
a coefficient for the whole passage only negligibly different from 
¢’ and to see how our instruments reduce the calculation to simple 
arithmetic, it is necessary to proceed with an analysis of the 
static test. 

Keeping Aw a minimum and traversing only the projected area 
h X 8, it will be assumed that entrainment components are effec- 
tively eliminated and that the entire translational flow through 
the blade pack is included. Another section is reserved for 
comment on the validity of these assumptions following the 
analysis, 


ANALYSIS OF THE STATIC TEST 


Referring to Fig. 3, the jet as a whole has no rotational-velocity 
component and, in the plane of the exit edges of the blades for 
which Aw = 0, velocity c at angle @ and static pressure P, exist 
at any point. If dA represents an element of area normal to 
velocity C, application of the second law of motion leads to 


A A 
f “CMA + f (P,—P,)dA = F,...... [3] 
0 g 0 


Here F’, is the net force experienced by the blade pack as a result 
of a flow W Ib per sec from initial conditions (P,, 7) to the atmos- 
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phere P;. It will be observed immediately that F, differs from 
the change in momentum by a term composed of a static-pressure 
difference acting on a projected area A. 

The function of any turbine element is to derive a force from 
a change in the momentum of the motive fluid. Strictly inter- 
preted, therefore, any static test makes possible a determination 
of efficiency of an element only if means are provided for measur- 
ing force F;, pressure P,, and area A in Equation [3]. 

The force F; could be measured with fair accuracy in a number 
of ways that have been frequently described in the literature of 
static testing. Great precautions are necessary to avoid ex- 
traneous forces arising from entrainment of the atmosphere. 
For the plane for which Aw = 0, the area A is just the minimum 
area of the passages. Measurement of the static pressure P, in 
such small regions of high velocity, as those encountered behind 
blade grids, offers difficulties’ but is possible if we are not too 
concerned with errors due to turbulence. Fortunately, a very 
accurate integration of the static pressure in the survey plane is 
not needed to satisfy the accuracy ordinarily sought in the energy- 
loss measurements. 

The velocity coefficient ¢ may now be more nicely defined as 
the ratio of mean momentum per unit mass flow to ideal momen- 
tum per unit ideal mass flow and expressed analytically by Equa- 
tion [4], if AF; represents the second term of the left-hand mem- 
ber of Equation [3], and F; represents the net force on the blades 
with isentropic change of state. 


= g(F; — AF;) g(F, — AF,) 
W W, 


Equation [4] may be recast in series form and factored as 


PF, Fi Fe FF, 
AF; 
Fe 


The first factor does not involve the static pressure P,. Using 
only three terms of the second factor, it is a matter of arithmetic 
to show that, with a value of the first factor as low as 0.9 and 
AF,/F, as high as 0.05, the first factor can differ from ¢ by little 
more than 1 per cent. A value of AF, equal to 5 per cent of the 
total theoretical force on the blade pack would require an in- 
tegrated pressure difference (P, — P,) over the area A of 5 per 
cent of the pressure drop (P;— P:). In no case have our static- 
pressure measurements yielded a difference approaching this 
value. 

The commonly accepted practice of disregarding the second 
factor of Equation [5] and along with it the need for measurement 
of pressure P,, and defining ¢ simply as the first factor of Equa- 
tion [5] appears justifiable, at least for subacoustic velocity work 
and will therefore be adopted. 

Accordingly 


where C; is a fictitious mean velocity defined as shown by the 
actual net force on the blade pack and the actual flow rate. It is 
from this expression that the term ¢ receives the name velocity 
coefficient. The more general use in turbine calculations of 
energy expressions than velocity expressions has caused the 
square of the velocity coefficient ¢? to be more often used as a 
criterion of passage performance than is ¢ itself. Energy coeffi- 
cient or efficiency are names frequently given to ¢?. Regardless 


5 Refer to A. G. S. Sandison’s comment in discussion of (4) and 
authors’ closure. 
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of name, it is important to remember that ¢? is the square of a 
momentum coefficient which is analytically the basic quantity. 

Summarizing, the elimination of the terminal static pressure P, 
restricts interpretation of results to the degree of perfection of an 
indeterminate expansion combined with an isentropic adjustment 
of pressure and velocity to the environment. To the extent that 
this latter adjustment is negligible, velocity coefficient is a true 
barometer of passage losses. 

Following Stodola (3) the flux of energy per second through 
cross section h X s in the plane of the exit edges of the blades in 
Fig. 3 may be equated to the available energy less the aggregate 
friction losses per second. 


A 2 Ps A P: 
0 29 OY 0 


Assuming isentropic compression at the impact tube and 
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Fic. 5 CoMPpRessIBILITY Factor AS FUNCTION OF PRESSURE RaTIO 
FOR AIR 


dividing through by the first term of the right-hand member of 
Equation [7] we may write 


A P 
0 
A Pt 
Med 
0 P, 


where o is aggregate friction loss in per cent of the available 


energy. 
For any elementary filament along which the flow rate is dW, 
an expression for the efficiency becomes 


Efficiency has been purposely written (1 — losses). The possi- 
bility of direct-loss measurements in the impact test is an ad- 
vantage not to be overlooked. 

The integrations indicated in Equation [9] may be performed 
by making use of the pressure-volume relationship for isentropic 
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behavior of a perfect gas, yielding Equation [10] in which the 
only unknown quantity is y, the density at the muzzle of the 
impact tube where the air is brought to rest. The quantities y 
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Fic. 7 REPRESENTATIVE EFFICIENCY-DISTRIBUTION DIAGRAM 


and x, in Equation [10] are compressibility factors defined by 
Equation [11]. For a gas with a fixed ratio of specific heats, the 
compressibility factor is a function of pressure ratio and may be 
evaluated for k = 1.4. 


P—P, 


— 
Po 


To eliminate the unknown density y, it may be observed that, 
along any filament, the air starts from rest in the reservoir and 
comes to rest at the impact-tube muzzle without doing any external 
work, Furthermore it will be assumed that there has been 0 
heat transfer from neighboring filaments. The cycle of expansion 
and compression may therefore be considered a throttling and, 
since the medium is nearly a perfect gas, the temperatures 4 
densities y will be constant and equal to the initial temperature 
T,. Equation [12] follows directly 


1—s= 


Substituting for 7 in Equation [10], gives an expression for 
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efficiency at a point in terms of measurable pressures and the 
compressibility factors. 


P 


A pitchwise traverse at some position y along the blade pack 
would appear as the dotted curve in Fig. 6, where pressures are 
plotted as functions of positions z with linear scales on both axes. 
Using the compressibility factors x and x,, and the pressure ratio 
P/P, it is possible to correct the pressure traverse, point by point, 


as has been done in Fig. 6, yielding the full-line curves. The 
integrations 
ns/2 
(1 — 
—ns/2 
= [14] 
dx 
—ns/2 
indicated by Equation [14] may be performed graphically. The 


value of w, so determined is a coefficient of an elementary slice dy 
of n pitches of the blade pack. Values of w, may thus be deter- 
mined for many slices until the entire height h has been traversed. 

An efficiency-distribution diagram, such as Fig. 7, is obtained 
by plotting w, vs. y/l. The result of a second graphic integration 
%, defined by Equation [15] has been shown in an appendix to 
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Fig. 8 CompRESSIBILITY CORRECTION 


this paper to be very nearly equal to ¢? where ¢ is defined by Equa- 
tion [6]. 


LIMITATIONS OF THE METHOD 


With aspect ratios in excess of unity, a value of @,, established 
according to the method described, is substantially invariant 
with small changes in Aw or with changes in the limits of integra- 
tion of the numerator of Equation [15] from +h/2 to +o. 
U nder these conditions, no significant incompatibility with theory 
arises as a result of arbitrary selection of a test plane and travers- 
Ing limits, and the measured value of @, has the status of an effi- 
ciency measurement in the plane of the exit edges of the blades 
for which Aw = 0. 

As aspect ratios decrease below unity, impact measurements, 
intended to represent losses in the passage but made at a small 
distance Aw above the exit plane, become increasingly inaccurate 
due to difficulties encountered in eliminating the entrainment- 


) Velocity field which becomes an appreciable part of the whole, or 
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in attempting to take it into account. The only satisfactory 
method that has been devised to handle these cases is to run 
traverses at decreasing values of Aw, stopping with the minimum 
physically attainable and, by extrapolation, to determine Q, at 
Aw = 0. The accuracy of this process is dependent upon how 
close to the blades the last reading can be obtained. 

Attempts have been made to measure 2, at some arbitrary 
value of Aw by traversing beyond the passage ends to values of 
w, near zero as suggested by Tollmien and performed on long thin 
slots by Férthmann (9). The over-all efficiency established 
thereby on blade packs appears too high. Reference to the end 
view of the grid in Fig. 3 shows why this may be so. Secondary 
flow in the passages to which reference will be made later seems 
to be a factor in preventing an orderly entrainment of stagnant air 


w=!.250 


Fie. 9 Reaction BuapE, Twice Size 


(These blades were always assembled with the width dimension shown and 
therefore, may be called constant-orientation blades.) 


Fig. 10 StrrReaAMLINED Reaction BuapE, Twice Size 


(The width dimension was varied in the several assemblies employing these 
blades, which, therefore, may be called variable-orientation blades.) 


by the escaping jet. A fair measurement of impact pressure can 
be made on those entrained filaments closely adjacent and moving 
in essentially the same direction as the motive flow. In the 
arbitrary plane, however, traversing must extend theoretically to 
infinity and hence include filaments flowing obliquely and fre- 
quently backward. A zone of such disturbance cannot be accu- 
rately explored with a fixed-tube orientation and, lacking partial 
compensation for readings obtained in the region of orderly flow, 
integration of the whole distribution diagram leads to optimistic 
results. It is for this reason that we have restricted traversing 
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to the projected area h X s in a plane at minimum distance Aw 
from the blade edges. 


MECHANIZATION OF THE IMPACT-TRAVERSE TEST 


It was observed that integrations of the pressure traverses 
alone gave values of w and © differing from w, and Q, by small 
amounts dependent only upon the Mach number and the indi- 
cated efficiency. By indicated efficiency is meant the integrated 
result from the pressure record. Thus, from a great number of 
tests on all kinds of blade sections at various pitches, orientations, 


TRANSACTIONS OF THE A.S.M.E, 


AUGUST, 1940 


heights, entrance angles, and Mach’s numbers, it was found pos- 
sible to plot compressibility corrections as in Fig. 8. 

This step permitted an evaluation of , in any case by just add- 
ing a correction to 2 determined by double integration of the 
pressure traverses and allowed complete mechanization of the 
traverse test. The expressions for w and Q are the simpler forms 
related to incompressible fluids thus 
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ns/2 
(P, — P) dz 
—ns/2 


Equation [16], which follows from Equation [13] by neglecting 
the denominators of the right-hand member, reveals the sim- 
plicity of direct-loss measurements. It was simple to construct a 
pressure mechanism for actuating the strain gage with displace- 
ments proportional to a pressure difference. However, it would 
not have been so simple had we been forced to work entirely with 


the terms involving pressure ratios to some power of k, which © 


occur when compressibility of the medium must be considered. 


Resvutts, Discussion, AND CONCLUSIONS 


From the foregoing exposition of the measurement and evalua- 
tion of impact pressure over the exit plane of a turbine element, it 
follows that the traverse record taken in the direction of pitch s 
for different constant positions y along the blade height h is 
indicative of the energy losses. Its structure is of fundamental 
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origin revealing the extent of friction and, therefore, responds to 
favorable and detrimental stimuli such as strong acceleration of 
particles in the direction of flow and loss of fluid contact with 
walls, respectively. The structure of the traverse record should 
respond only secondarily to changes in the geometry of the test 
pack. On the other hand, the efficiency-distribution diagram, 
which is a plot of the mean efficiencies from traverse records as a 
function of position along the blade height, is indicative of the 
extent and localization of the losses. Its structure changes in a 
characteristic way with the geometry of the pack and test condi- 
tions. These two types of plots give exhaustive information on 
the nature and magnitude of the energy losses. The change re- 
quired to produce an improvement in efficiency is nearly always 
evident, although it may sometimes be impractical of attainment. 

Cross sections of the foils on which the tests presented were 
obtained are given as Figs. 9 and 10. These profiles are fairly 
representative of extremes in mechanical strength required in 
ordinary reaction stages and will be referred to simply as a reac- 
tion blade, Fig. 9, and a streamlined reaction blade, Fig. 10. 
The former with thin leading edge might be expected to exhibit 
efficiencies more dependent upon the direction of approach of the 
fluid than the latter. Fig. 9 could, therefore, be called a fixed- 
orientation blade, whereas Fig. 10 would be called a variable- 
orientation blade. Since each of the sections shown is one of a 
series of geometrically similar shapes, covering a range of sizes, 
the discussion applies to the entire series rather than to the one 
blade size. 

The traverse records, consisting of a group of 3-pitch traverses 
in Fig. 11, and a group of single-pitch traverses in Fig. 12, have 
been selected from a file of several thousand as samples of the 
type of record obtainable. The group in Fig. 11 represents 
successive slices of the foil in Fig. 9, assembled as indicated on the 
records and fed at an entrance angle of 30 deg at Mach’s number 
0.7. In Fig. 12, the entrance angle has been increased to 72 deg, 
everything else remaining the same. The smaller entrance angle 
corresponds to a flow with a large component of impingement on 
the concave surface of the foil and an eddy field at the convex 
surface. The larger entrance angle is near the optimum for the 
blades in question. For a fixed-orientation blade, the width 
dimension w is chosen as a reference length instead of the chord 
dimension 1 for forming the dimensionless ratios s/w, h/w, etc. 
For a variable-orientation blade, 1 is used since it is a dimension 
of the profile itself and is therefore independent of how the profiles 
are setin the row. Designating the end of the blade pack remote 
from the search tube as zero the term “position’’ on the traverse 
records is simply y/w. Since h/w for the pack was only 1.6, the 
records for tests Nos. 4 and 5, Fig. 11, were obtained in the en- 
trainment field beyond the pack end. 

It will be observed that the chief difference between the tra- 
verse records is the rapidity of the impact-pressure recovery at 
the convex surface of the foil. The loss area associated with the 
convex surface can vary from a narrow cusp indicative of only a 
viscous-friction boundary layer to a large irregular pattern emerg- 
ing from the entire passage with fluctuations attesting the exist- 
ence of severe eddies. The loss area associated with the concave 
surface is nearly always of the type attributed to viscous friction. 
A rational explanation of this basic difference lies in a considera- 
tion of the relative stability of streamlines near the two walls. 
It has been found that the flow conditions prevailing in the 
boundary layers dictate whether the flow in the entire passage 
shall be relatively efficient or inefficient (6). 

In curved passages centrifugal force causes a pressure increase 
and velocity decrease at the concave surface of the blade and a 
pressure drop and velocity rise at the convex surface, compared 
with the pressure and velocity prevailing at the central filament. 
Proceeding along a streamline through the passage near the 


|_| 
0S- 
she *ns/2 ; [ 
P,— P 
q —ns/2 
4 
d 
; 
: 
i 
3 
j 
| 
| 
' 
q 


498 


concave surface, the fluid particles experience a falling pressure. 
In this boundary layer the pressure gradient provides a motive 
force on the particles, overcoming the friction drag of the wall, 
and there is less tendency toward stagnation. The fluid-friction 
drag transmitted from more rapidly moving particles in the center 
is in the same direction as the pressure drop. There is no tend- 
ency for the flow to leave this wall and the boundary layer is 
thin and stable. The small loss area on the record reflects these 
favorable conditions. 

Proceeding along a streamline through the passage near the 
convex surface, the fluid particles may not experience a falling 
pressure and may even encounter a pressure rise, depending upon 
the severity of the vortex arising from passage curvature. There 
may be no motive force on the particles in this boundary layer in 
the direction of flow other than that transmitted by shear from 
the body of the stream. Wall friction brings the outside layer of 
particles to rest, establishing a local reverse-pressure gradient 
which forms a couple with the drag forces transmitted to these 
particles from the more rapidly moving adjacent layers. A small 
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Fic. 13 DistrrBpuTioN OF TRAVERSE EFFICIENCY AT VARIOUS 
ENTRANCE ANGLES FOR STREAMLINED REACTION-BLADE SECTION 
s/l = 0.81 h/l =4 o/s = 0.30 
a = 17 deg 4w = 0.12w M = 0.30 


T: = 70 F (approx) P; = atmosphere 
(Profile Fig. 10) 


eddy results; the boundary layer becomes unstable and leaves the 
wall. Disturbances growing from such elementary losses of fluid 
contact may fill the entire passage with devastating effect on the 
energy of translational flow. It is the purpose of the remaining 
paragraphs and efficiency-distribution diagrams to show the 
dependence of both w and © on the five important variables 
selected at the beginning of this paper. 

Operation at other than the optimum velocity ratio has the 
largest effect on passage efficiency of the variables considered. 
This may be accomplished statically by varying the entrance 
angle of the flow. In Fig. 13 are shown five distribution dia- 
grams for the highly efficient, heavy-duty type of reaction blade 
shown in Fig. 10. Owing to symmetry about the mid-height of 
the blade, the diagrams are shown from the center line to one end 
only. The spacing and orientation of the blades in the pack and 
the aspect ratio are average for the section considered. In the 
turbine, groups of these blades normally operate at a Mach 
number of 0.3 and this value was accordingly chosen for the air 
test. The range of entrance angles selected would about cover 
the extremes encountered in marine practice from maneuvering 
to full-load propeller speeds. Tests on a pack of very different 
proportions are represented by the diagrams in Fig. 14. Here 
the foil with thinner leading edge shown in Fig. 9 has been as- 
sembled and tested under conditions simulating its performance 
in the stationary element of an unsymmetrical stage near the 
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high-pressure end of a turbine where aspect ratios are small, 
Complete assembly information and integrated results are given 
on each figure. Each point on every distribution diagram re- 
sulted from one traverse record, samples of which are shown in 
Figs. 11 and 12. 

Figs. 13 and 14 reveal a more orderly retardation of the flow 
heightwise than pitchwise. Particularly in the case of large 
aspect ratio, but also discernible in Fig. 14, is a tendency for a 
central region of uniform loss flanked by extreme localized losses 
at passage ends. With decrease in the entrance angle, end losses 
become more severe and reach further into the passage until they 
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Fig. 15 DistripuTion oF TRAVERSE EFFICIENCY AT VARIOUS 
Aspect Ratios FOR STREAMLINED REAcTION-BLADE SECTION 


B = 22!/2 deg M = 0.30 Aw = 0.12w 
s/l = 0.74 o/s = 0.30 


T: = 70 F (approx) P; = atmosphere 
(Profile Fig. 10) 


eventually bridge over, reducing the uniform central region to 4 
point, or even annihilating it altogether. The localization of 
losses at the passage ends was recognized early in the course of our 
tests as a manifestation of secondary flow attributable to the 
same vorticity that augments the losses along the entire convex 
surface of the foil. In the auxiliary sketch in Fig. 13, if the 
rectangle represents the minimum area of a passage, the curved 
arrows indicate the direction of the secondary flow. The pressure 
built up at the concave surface of a blade diminishes at the pa* 
sage ends asa result of the heightwise velocity distribution. This 
pressure gradient along the blade seeks relief in transverse flow 


at the passage ends to the low-pressure region at the conves — 
surface of the adjacent blade, where it enters substantially | 
normal to the main flow, forcing a partial loss of fluid contact | 


with the wall and attendant destruction of useful energy. 


The characteristic shape of all distribution diagrams for pa | 


sages above a certain limiting value of aspect ratio permits 
separation of the losses into two distinct classes. It appeal 
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of our | tion factor for finite aspect ratios. The correction factor, as well 
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appeals ; Passages with aspect ratio so small that no profile flow de- 
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velops are of great importance in the high-pressure ends of steam 
turbines. In such cases, a chaotic merging of the secondary 
flows takes place with increase of the losses faster than indicated 
by the linear relationship in Equation [19]. The intended 
orderly flow is not approached even remotely, and efficiency as a 
function of the several variables can be determined only by test. + 

Distribution diagrams showing the effects of variation in pitch 
and gaging, gaging alone, and Mach’s number are shown in Figs. - 
16 to 18, respectively. Sufficient data are given in each case to” 
identify the test. In general, pitch increases improve the profile 
efficiency just as increases in aspect ratio improve the over-all + 
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efficiency by diluting the loss concentrations at boundary walls 
with larger regions of potential flow. The term potential flow 
is used advisedly here. Meticulous observations of the pressure 
difference (P, — P) over large portions of the area of efficient 
packs, using a differential column with light oil as indicator, 
reveal losses in the reservoir pressure head only in the order of a 
few hundredths of one per cent. This is entirely negligible and 
justifies the practice of considering friction losses in turbine ele- 
ments as boundary conditions surrounding a core of fluid in which 
energy exchange is isentropic (3). Pitch increases aggravate the 
end losses and are in this respect similar to a decrease in the 
entrance angle. Affecting the two basic-loss divisions oppositely, 
it may be seen that improvement in efficiency can result from_ 
increasing or decreasing the blade pitch, depending upon the 
particular combination of other variables encountered. This’ 
conclusion has been repeatedly checked by experiment. 

Variation in blade pitch and gaging is frequently an easy way 
to improve efficiency at little expense. The method is, therefore, 
very appealing in practice. The qualitative explanation for a 
large reduction of losses is usually very simple, resting upon some’ 
extensive change in the structure of the secondary flow which is , 
apparent on the efficiency-distribution diagram. Thus, in Fig. 
16, an improvement in efficiency of more than 4 per cent results 
from a 20 per cent reduction in the pitch of the foils, together with 
the 9 per cent reduction in gaging, obtained by simply moving the 
foils closer together in a groove of uniform width w. 

Increase in the Mach number means stronger acceleration of 
the fluid particles and, hence, less stagnation at any wall, reverse 
flow, or the building up of eddies. The foregoing exposition of 
the mechanism of eddy formation contrasted with stable bound- 
ary layers indicates an improvement in efficiency with increase in 
Mach’s number. Experiments seem to confirm this reasoning but, 
until further results have been accumulated in which the influ- 
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ences of compressibility and viscosity are separated, little more 
can be said about the dependence of efficiency upon Mach’s and 
Reynolds’ numbers. 

Little has been done about the extension of traverse tests to 
superacoustic velocities. The fact that most steam-turbine 
power is generated at subacoustic velocity justified thorough 
exploration of this field before attempting interpretation of re- 
sults complicated by the phenomenon of compression shock. 
The possibility of efficient utilization of supercritical speeds with 
attendant reduction in size per kilowatt output is, however, a 
problem worthy of investigation and a legitimate extension of this 
project. Regardless of methods employed, the value of some 
accurate quantitative work in this practically untouched field 
can scarcely be overestimated, and even fragmentary results will 
be of interest. 
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Discussion 


Renatp B. SmirH.” The static-air test, similar to that de- 


¢ As this paper goes to press we have concluded our first year’s 
detailed study of the performance of turbine elements at supersonic 
velocities. This exploration involved many problems not en- 
countered in the subsonic velocity work. 

7 Development Engineer, Elliott Company, Jeannette, Pa. Mem. 
A.8.M.E. 
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scribed by the author and others, is one of the most useful re- 
search tools available to the turbine designer. When used intelli- 
gently it yields at worst a good approximation to most of the hy- 
drodynamic questions that a turbine builder faces. The degree 
to which the results are approximate is measured by how faith- 
fully the model tests reproduce the hydrodynamic conditions 
which exist in the turbine. Because certain conditions of simi- 
larity cannot be satisfied statically, the judgment of the designer 
is, as always, the important consideration. 

Deviations from dynamic similarity in tests of this nature are 
of two types; fundamental deviations which are largely academic 
in interest, and practical deviations which are probably the ones 
of greatest importance and yet are the most difficult for the de- 
signer to evaluate. 

Dynamic similarity for a submerged body exists, providing the 
model is geometrically similar to the original and providing an 
equality exists between the model and the original in respect to 
Reynolds’ number, Mach’s number, atomic number (as mentioned 
by the author), and in addition a heat-transfer number. Provid- 
ing the flow losses are small or the turbulence low, it is reasonable 
to neglect the dimensionless heat-transfer criterion. With the 
aid of the variable-density test equipment, the author is able to 
differentiate between the influence of the Reynolds number and 
the Mach number but, in regard to the criterion prescribed by the 
atomic number, the situation is not as clear. Equality of atomic 
number necessitates that the tests be conducted with a medium 
having the same ratio of specific heats as in the original turbine. 
If the tests are made in air and the original operates in steam, it 
is obviously impossible for the specific-heat ratios to be equal. | 
As far as the writer is aware, the only attempt to evaluate the |p 


approximation resulting from a neglect of this criterion has been t] 
made by Ackeret and his associates. They conclude that for | tg 
reasonable velocities, say below about one-half the acoustic, no [| of 
appreciable discrepancy exists. The author mentions tests ex- | de 


tending to velocities which approach the acoustic without appar- | tic 
ent consideration of what effect this more or less academic dis- [_ 
similarity may have. 4 

Dissimilarities of a practical nature which exist between the [on 
flow around the blade and that in the turbine arise from a number 


of causes. If the steam velocity is less than the acoustic, then | are 
pressure disturbances are transmitted by waves traveling at the | fac 
velocities of sound both upstream and downstream from their des 


source. This means that a blade in any location receives pressure / 
impulses originating from disturbances at the blades both up [- \ 


stream and downstream from it, and the flow around any blade of t 
is in consequence influenced by these results. This is a condition the 
which is obviously not met in a static assembly and at abnormal dire 
velocity ratios is probably one of importance. aro 
Another point of practical dissimilarity arises when the blades axes 
are distributed circumferentially around the rotor of a turbine and The 
in the static test they are assembled parallel. Actually, in the like 
flow through the turbine, the pressure drop which exists be corre 
tween a stationary blade and its rotating partner is not uniform thes 
Even though the areas are not laid out for a potential flow with [7 has | 
constant circulation, the fluid, adjusting itself to the easie* [ Ar 
course, attempts to approximate this condition. There usually [ feren 
exists a greater pressure drop over the tip of the rotating blade |) Vesti 
than at its base, and a greater pressure drop over the base of the : effect 
stationary blade than over its tip. These pressure variation | lift fo 
must have a marked effect on the secondary flow in the | 7 
it is certain that they introduce an effect which is difficult to 8 | vA 
proximate on a static test. ® Scienc 
The efficiency of impulse-type blading is affected by the eject’ 
and entrainment losses of the working fluid at the ends of th : “on 
buckets. This condition arises from the fact that the buck } pany, 
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NEW—ENERGY LOSSES IN STEAM-TURBINE ELEMENTS 


overlaps the nozzle. The end losses which exist are difficult to 
simulate by static test, while their magnitude, at least for buckets 
not specially sealed at their ends, is for certain velocity ratios as 
great as the ordinary aspect-ratio correction which the author 
finds for individual nozzles or reaction blades. 

The work delivered by a given turbine blade depends upon the 
change in momentum in the direction of motion. This momen- 
tum change involves not only a knowledge of the efficiency of the 
passage but a measure of the angle of efflux. The author does not 
discuss this feature in connection with the test, although it is a 
consideration to which the designer must devote some attention. 
These angles cannot be measured with great accuracy; in addi- 
tion they vary considerably over the discharge section. While 
it is true that as long as the angle is small, an appreciable error 
in its determination can be tolerated, since the cosine of the 
efflux angle is the variable at point, on low-pressure blading and 
on impulse buckets, the angles are larger and an accurate meas- 
urement is of considerable significance. In this connection it 
might be well to mention the problem of blade pitch. When the 
aspect ratio is large it is not uncommon to find that the suggestion 
is made that an increase in the pitch of the blading will improve 
the efficiency. This suggestion has for its base the mutual inter- 
ference between blades and has been applied with marked success 
on the Kaplan runner and on propeller fans. While it is fre- 
quently true that an increase in efficiency in the passage is realized 
with larger pitch, it is also true that this is generally accompanied 
by an increase in efflux angle so that the final work done in the row 
is not increased as rapidly as one might at first expect. 

In conclusion, it should be emphasized that the author’s 
paper is a worth-while contribution to the art. The remarks of 
the writer are not intended as a criticism but are merely offered 
to show that the results derived from static-test equipment, while 
of real value, must be interpreted with discrimination by the 
designer because the static test does not always approach condi- 
tions which are similar to those met in the final machine. 


J. R. Weske.* From theoretical investigations by the writer 
on the interference of successive rows of turbine blading, it ap- 
pears that for modern high-efficiency blades the dynamic effects 
are of such magnitude that they cannot be neglected if satis- 
factory correlation of static-test results and stage efficiency is 
desired. A brief exposition of the essence of these investigations 
follows: 

When plotting instantaneous-velocity diagrams on the basis 
of the velocity traverse obtained from static tests, it is seen that 
the subsequent blades operate in a stream of cyclically varying 
direction. This produces corresponding variations of circulation 
around the blades, which in turn cause a sheet of vortexes with 
axes parallel to the blade to leave the trailing edge of the blade. 
These vortexes are related to the starting vortex on airfoils and, 
like the latter, they produce an additional drag on the blade 
corresponding to the energy consumed by them. The effect of 
these vortex sheets upon airfoil grids in cascade arrangement 
has been investigated by Ackeret and Keller.® 

Another approach to the theoretical determination of inter- 
ference between successive blade rows can be made through in- 
vestigation of what is known in aerodynamics as the Katzmayr 
effect. This effect refers to deviations of the direction of the 
lift force on an airfoil with change of angle of attack and its effect 
upon drag or, in the case of turbine blades, upon pressure drop 


‘Assistant Professor of Aerodynamics, Case School of Applied 
Science, Cleveland, O. Mem. A.S.M.E. 
_ Axialgeblaese,”” by C. Keller, A. G. Leemann & Company, 
Zurich, Switzerland, 1934. 
“Aerodynamics,” by E. P. Warner, McGraw-Hill Book Com- 
pany, Ine., New York, N. Y., 1927, p. 159. 
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across the row. Calculation of this effect is complicated by phase 
lag and hysteresis effects at high frequency. 

The writer has not been able to check his calculations experi- 
mentally. However, he believes that his assumptions will be con- 
firmed in a qualitative way, by photographic investigations with 
the aid of moving-picture films of two-dimensional flow at low 
Reynolds’ numbers, samples of which were shown in connection 
with the oral discussion. 


J. I. Yeuuorr.'! This paper is particularly valuable because 
of the detailed manner in which the author sets forth the theoreti- 
cal background on which these tests are predicated. It is to be 
hoped that in his reply to the discussion the author will elaborate 
somewhat upon the mechanism used for recording and interpret- 
ing the impact data. The technique of testing with great rapidity 
and yet with very high accuracy by means of electromechanical 
devices is extremely valuable. The taking and interpreting of 
such data by the more usual methods would be a task of im- 
possible magnitude. 

The author does not mention static traverses, and it would be 
interesting to know whether any such traverses have been made. 
Although the absolute accuracy of such measurements would be 
questionable, they would probably reveal the existence of un- 
expectedly low pressures behind the convex sections of the buck- 
ets. At high initial pressures, this reduction of static pressure 
might well be enough to cause the velocity at these points to be 
superacoustic. The usefulness of the impact tube for measuring 
velocities near the acoustic velocity has been discussed,!? at some 
length. An earlier investigation'* in the superacoustic field is 
that of T. E. Stanton. The Rayleigh theory, commented upon 
by Stanton, indicates that there should be only a slight error in 
using the impact tube for Mach’s numbers up to 1.3. 


AvTHOR’s CLOSURE 


It is a pleasure to acknowledge the value of the discussions, 
both written and oral, which by their quality, and not mere 
wordiness, have done much to amplify and improve the author’s 
communication to the profession. To generalize, it seems ap- 
propriate to state that a number of the points brought out by 
the contributors were mentioned, and some were treated at 
length, in the parts of the original manuscript which were deleted 
before publication in the interest of brevity. 

In the presentation of the paper, more attention than accorded 
in the text was given to emphasizing the three categories into 
which known similarity criteria may be grouped, namely, geo- 
metrical quantities, fluid-dynamics quantities or properties, and 
turbulence, which being concerned with temporal as well as 
spatial variation of velocities seems to deserve a separate rank. 
The discussers recognize, of course, that the results presented 
dealt almost entirely with the effects of variation in the geometry 
of the turbine stage and, therefore, in no wise constituted a 
complete picture. The geometrical variables are, however, the 
first concern of the turbine designer. 


"1 Assistant Professor of Mechanical Engineering, Stevens Insti- 
tute of Technology, Hoboken, N. J. Mem. A.S.M.E. 

12 °*The Effect of Compressibility on the Pressure-Reading Prandtl 
Pitot Tube at Subsonic-Flow Velocity,’’ by O. Walschner, National 
Advisory Committee for Aeronautics, Technical Memo. No. 917, Nov., 
1939. 

13On the Flow of Gases at High Speeds,” by T. E. Stanton, 
Proceedings of the Royal Society of London, vol. 111, series A, 1926, 
pp. 306-339. 


Norte. A joint discussion by G. B. Warren of this paper and the 
paper, ‘‘Automatic Integrating Pressure-Traverse Recorder for Study 
of Flow Phenomena in Steam-Turbine Nozzles and Buckets,” by 


H. Kraft and T. M. Berry, appears on page 479 of this issue of the 
Transactions. 
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Variable-fluid-density equipment is practically indispensable 
in separating the influences of viscosity and compressibility. It 
was pointed out that we are not yet prepared to publish our 
measurements in this field, but that tests had been in progress 
for quite some time, and had, in fact, yielded some significant re- 
sults. Atomic number seems to deserve little more than mention 
in subsonic-velocity investigations and, with the influence of 
turbulence, we have only recently begun to work. Aerodynamical 
physicists in this country have spent the better part of 10 years 
studying the effects of turbulence on the flow of fluids through 
passages and around obstacles. Strangely enough, however, it 
seems safe to say that few steam-turbine engineers are even now 
remotely acquainted with the meaning of turbulence in the sense 
in which that term is employed in the more critical analyses of 
fluid-flow problems. 

The author rests his conviction in the value of air tests of the 
type described on the fact that they make possible a systematic 
prosecution of a broad program embracing both the nature and 
magnitude of energy losses in turbine elements and their mode of 
dependence upon all the key variables involved. Recognition 
of the dependence of stage efficiency upon from 5 to perhaps 10 
variables (depending upon how meticulous we want to be) auto- 
matically eliminates the possibility ever of obtaining adequate 
design information from conventional turbine-economy tests 
alone. The alternative rather generally adopted consists of 
orderly examination, by one or more of several exploratory meth- 
ods available, of the flow through the fundamental elements inter- 
spersed by verification tests in an experimental turbine on a 
workable synthesis of many of the most promising features yielded 
by the basic investigations. Aeronauticists will quickly recognize 
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that this course is quite parallel to the one they have pursued so 
profitably. Static tests carefully conducted and skillfully ana- 
lyzed almost invariably lead to correct comparisons. 

It is from the combined study of the experimental turbine per- 
formance and the preceding static tests relating thereto that one 
may partially evaluate the practical deviations of the latter from 
complete dynamic similarity. Effects totally missing or materi- 
ally distorted in static tests have been outlined by Mr. Smith. 
The author strictly avoided implication that over-all turbine- 
economy tests could be dispensed with. The point of view is 
rather that their interpretation must rest upon detailed knowledge 
of the behavior of individual elements as revealed by the more 
flexible research methods developed. 

The results of static-pressure traverses, which play such an im- 
portant role in the formulation of the method for numerical 
evaluation of the search-tube studies, had to be condensed into 
the few statements given in the paper. A brief description of 
our mechanism for recording and intergrating the impact-tube 
data, requested by Mr. Yellott, has been made a part of the 
author’s discussion of the paper! by H. Kraft and T. M. Berry. 

The employment of the so-called ‘“Fales technique,” and the 
method of plaster casts for visualizing velocity distribution in 
turbine passages, and even the earlier search-tube studies them- 
selves were crude, as Mr. Warren has stated. We seldom trust 
surface markings now for anything but the roughest kind of check 
as to whether some change has been beneficial or detrimental. 


14**Automatiec Integrating Pressure-Traverse Recorder for Study 
of Flow Phenomena in Steam-Turbine Nozzles and Buckets,” by 
H. Kraft and T. M. Berry, appearing on paze 479 of this issue of the 
Transactions. 
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Photoelastic Analysis of Stresses in a 


Steam-Turbine Blade Root 


By J. J. RYAN! anv J. T. RETTALIATA,? MILWAUKEE, WIS. 


The analysis of the stresses in steam-turbine blade 
roots by photoelastic methods has particular reference to 
the determination of the loadings on the multiple steps. 
In this paper, from a comparison of test and calculated 
values, the stress-concentration factors are obtained for 
the neck and step sections. 


DESCRIPTION OF PROBLEM 


HE development of large-capacity steam-turbine-genera- 
fie units has created the necessity for new studies in 

stress distribution throughout the high-speed rotating 
elements. This analysis of present-day structures makes pos- 
sible the new projects in machine construction which are to be 
developed in the future. 

The photoelastic method of analysis is recognized as a reliable 
means for determining stress values. This method was applied 
in the determination of stress distribution at the roots of the 
steam-turbine blade and spindle sections of one of the largest- 
diameter high-speed steam turbines in service. In the last stage 
of the low-pressure element of this 3600-rpm turbine, the revolv- 
ing blading is 18 in. in length and is mounted on a drum 40!/2; 
in. in diameter. A construction having these proportions ap- 
proaches the limit of present-day design practice. 

Fig. 1 shows a single blade, and Fig. 2 the steam-turbine 
spindle disk to which it is fastened by means of a multiple-step 
root. In Fig. 3 is shown the completely bladed low-pressure 
spindle. The weight of the blade is 4!/2 lb and its centrifugal 
force at the normal speed of 3600 rpm is about 42,000 Ib. As 
there are 110 blades on the periphery of the rotating drum, the 
necessity for compact design of the blade roots limits the shape 
and size of the sections. By calculation and test those sections 
must be chosen which have the most favorable stress distribution. 
In general, such a condition requires: 


1 A system which is susceptible to calculation and to com- 
plete analysis. 

2 Adjustment of loading and proportioning of parts to main- 
tain calculated stresses below a given limit. 

3 Maximum stress concentrations not exceeding the elastic 
limit of the material at overspeed operation. 


It is the purpose of this paper to indicate how these 
factors were considered in the design of the last-row blade 
roots in a modern 35,000-kw 3600-rpm tandem-compound 
steam turbine. 


DESCRIPTION OF APPARATUS 


The model of the cross section of the steam-turbine blade root 
was made to several times full scale of transparent bakelite. 
In order to obtain stresses in the spindle portion between the 


_ 


' University of Minnesota. Jun. A.S.M.E. 

* Allis-Chalmers Manufacturing Company. 

Contributed by the Power Division and presented at the An- 
nual Meeting, Philadelphia, Pa., December 4-8, 1939, of Tae AmeRi- 
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blade roots, three blade models were set in parallel positions, 
the radial angle between blades in the machine not being suffi- 
cient to warrant consideration. 

Machining the spindle slots and blade roots in the model was 
performed by toolmakers who shape the broaches and gages 
for finishing the turbine rotor and blades. More than ordinary 
care was observed in matching the respective loading elements of 
the model, and satisfactory fits were secured as evidenced by the 
symmetrical fringe patterns obtained. A short specimen bar of 
the bakelite material was machined for calibration purposes, 
An illustration of the completed model and the calibration bar is 
shown in Fig. 4. 

The model was mounted in the photoelastic polariscope in the 
machine-design laboratory of the mechanical-engineering 
department, Institute of Technology, University of Minnesota. 
This polariscope,? shown schematically in Fig. 5, is the conven- 
tional transmission type of prism polarizer but is unusual in de- 
tail and size, having a 7-in-diam light field and a length of 18 ft. 
The light source is a mercury-vapor lamp used in conjunction 
with a Wratten 77A filter which transmits green light with a wave 
length of 5460 A. Thus the light emerging from the filter is 
monochromatic. The water cell is employed to cool the light 
rays, the heat of which would otherwise affect the polarizing 
prism. The axes of the polarizer and analyzer prisms are set at 
right angles to each other so that the plane-polarized light leaving 
the former will not be transmitted by the latter. If the bakelite 
model is placed in the light path between the two prisms and 
stressed, it becomes doubly refracting which causes bands of 
light to pass through the analyzer prism. Thus the construction 
of the model and the degree to which it is stressed determine the 
pattern of the fringes or stress bands from which an analysis of 
the stresses existing in the prototype can be made. 

A triple-lever system, Fig. 6, supported on knife-edges loaded 
the three blades equally in the stressing frame. The spindle 
element, in one piece, was fastened to the top of the frame. Rigid 
supports prevented lateral movement of the sides. A view of the 
assembly in the polariscope is shown in Fig. 7. 


Test PRocEDURE 


In order to determine the optical constants of the bakelite, a 
calibration bar of rectangular cross section was placed in the 
loading frame of the polariscope and subjected to pure bending. 
This resulted in the fringe pattern shown in Fig. 8. As the load 
applied to the calibration bar was known, the stress at its outer 
edge was easily determined. From Fig. 8, it was observed that 
there were five fringes from the neutral axis to either edge of the 
calibration bar. Thus, for the particular bakelite material of 
which the model was made, the increment stress per fringe was 
equal to the stress as determined by the foregoing means divided 
by five. These fringes are lines representing constant difference 
of the principal stresses (P — Q) at any point. 

The principal stresses are of particular importance in the photo- 
elastic analysis of stress in models. Given a rectangular plate 
of unit thickness oriented in the z and y coordinate directions 


3“Photoelastic Analysis of T-Tail Stresses,” by J. J. Ryan, 
Journal of The Franklin Institute, vol. 223, no. 6, June, 1937, pp. 
715-730. 
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with distributed forces along the sides as shown in Fig. 9 (a), the 
direct stresses P and Q are the maximum and minimum stresses, 
respectively, that may exist in the plate, and are therefore called 
the principal stresses. If the plate is rotated an angle @ with 
respect to the coordinate axes, as shown in Fig. 9 (0), other 
stresses normal to sections along the coordinate axes are found to 
exist. The resulting stress normal to the x-axis would be N,, 
and normal to the y-axis would be N,. Shearing stresses along 
both axes would have the value S,,. 

The coordinate stresses N, and N, change in value? during 
rotation of the plate, as indicated by the dashed lines, approach- 
ing stresses P and Q at coincidence of the axes. The shearing 
stresses S,, are zero in the direction of the principal stresses, 
Fig. 9 (a), and vary as the function sin 2 6, Fig. 9 (b), where for 
6 = 45 deg, they are maximum and equal to one half the differ- 
ence of the principal stresses. 


Fig. 1 Low-Pressure Buape ror LARGE STEAM TURBINE 


Fic. 2 Buapinc Low-PREsSURE SPINDLE OF 35,000-Kw Stream 
TURBINE 


Fig. 4 Compietep BAKELITE CALIBRATION OF 
THREE STEAM-TURBINE BLapE Roots 
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Principal stresses exist at every point in a stressed body. In 

the photoelastic analysis of suitable transparent materials, 

anor |) Polarized light establishes interference bands or fringes which 
-» re proportional to the difference in value between the principal 
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stresses, denoted figuratively as P — Q. An adjustment in the 
polarized condition of the light further obtains values of the 
angle 0, thus determining directions of the principal stresses. 

To calculate the value of the individual principal stresses P 
and Q, with the difference known at any point, the sum of the 
principal stresses P + Q must be obtained. This is usually 
accomplished by measuring the change in thickness at the same 
points on the photoelastic model, since the sum of the principal 
stresses is proportional to the change in thickness. 

This change in thickness, due to application of load to the cali- 
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bration bar, was measured by a Huggenberger extensometer. 
The extensometer, shown in Fig. 10, has a magnification of 1206 
and is read to 0.01 unit. Thus the stress at the outer edge of the 
calibration bar divided by the number of units change in thickness 

4‘*Fatigue of Shafts at Fitted Members, With a Related Photo- 


elastic Analysis,’ by R. E. Peterson and A. M. Wahl, Journal 
of Applied Mechanics, Trans. A.S.M.E., March, 1935. 


ttf 


= 


Fic. 
Loap 


TRANSACTIONS OF THE A.S.M.E. 


11 PHotocGraPpH OF Mopet UNpER LIGHT 


AUGUST, 1940 


under load represented the stress per unit change in thickness. 
A compression at a point was measured as negative thickness 
change, and tension a plus change. From the change-of-thick- 
ness readings, the calibration for the sum of the principal stresses 
(P + Q) was thus determined. 

After these necessary measurements on the calibration bar 
had been made, the actual model was put under a light load to 
determine the points of contact on the steps of the root elements, 
It was necessary, first, to obtain symmetrical patterns of stress 
at the several sections, so that comparative data would be ob- 
tained and, second, to eliminate surface roughness at regions 
where stress concentrations of no general importance existed. 
As little additional fitting as possible was performed on the 
model since at higher loads inequalities would tend to adjust 
themselves. 

The model was considered satisfactory when at very light 
loads indications of stress were shown at all the contact surfaces 
and at heavy loads the stress pattern was adequately symmetri- 
eal. 
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Lines, from points of tangency of the fillets, were scribed on 
the model at the sections of maximum stress and crossmarks 
were located at intervals to establish absolute positions. 

The stressing frame was adjusted to support freely a live weight 
of 38.76 lb, the loading mechanism having a magnification of 20. 
The weight was suspended on a lever for ease in relieving and 
applying the load during the tests. 

The photoelastic or isochromatiec photograph of the model 
under light load is reproduced in Fig. 11. The stress distribution 
in the model with a force of 780 lb is given on the isochromatic 
photograph Fig. 12. From this illustration the difference of the 
principal stresses and the values of maximum shear are deter- 
mined. 

For complete stress analysis it is necessary to determine the 
isoclinics in the model. An isoclinie is a line which represents 
the locus of all points in the model having principal stresses in the 
same directions. To find the isoclinies, the quarter-wave plates 
were removed from the optical system and the prisms rotated 
together for given angular intervals. Isoclinie photographs were 
made for angles of 0, 15, 30, and 45deg. Fig. 13 shows a photo- 
graph of the 0-deg isoclinics. 

The method for finding the values of the principal stresses 
occurring at any point will now be described. To determine the 
number or order of the fringe, at the particular point where the 
stresses are desired, the fringes that cross this point as load is 
applied are counted progressively. This number is multiplied 
by the stress per fringe as found from the calibration bar, and the 
value obtained is the difference of the principal stresses (P — Q). 
The maximum shear at this point is (P? — Q)/2 and thus can be 
obtained immediately. The number of units change in thickness 
at the point, measured by the extensometer as shown in Fig. 10, 
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multiplied by the stress per unit change in thickness, as obtained 
from the calibration bar, determines the sum of the principal 
stresses (P + Q). The individual values of P and Q can be 
found by solving simultaneously. P and Q are principal stresses. 
To find the coordinate stresses, a Mohr diagram must be plotted 
as shown in Fig. 14. The angle 2@ is twice the angle which 
is represented by the isoclinic occurring at the given point in the 
model. 

A sketch of the central root element is given in Fig. 15, showing 
the sections at which the thickness measurements were made. 
Complete stress data were then determined for the fourteen sec- 
tions listed. 


TABLE 1 ORIGINAL TEST DATA 
P—Q P+Q 
position, Band Stress, Position, extensometer Stress, 
Line 0.1 mm_ no. Ib persqin. 0.1 mm reading lb per sq in. 
I 2.5 9 2916 17.4 —0.055 —360 
4.2 8 2592 33.0 —0.02 —130 
6.5 7 2268 65.0 —0.005 — 32 
9.0 6 1944 0 
12.5 5 1620 0 
7.4 + 1296 0 
23.1 3 972 Edge 
26.7 2 648 
x 4.0 4 1296 ° 16.5 0.19 1231 
11.6 3 972 32.5 0.15 971 
25.9 2 648 65.0 0.10 648 
86.5 1 324 97.5 0.095 615 
140.0 3.3 350 130.0 0.065 422 
183.5 1.33 405 183.5 0.08 518 
XIV 3.8 7 2268 16 —0.04 —260 
6.6 6 1944 33.5 —0.02 —130 
9.2 5 1620 67.5 —0.01 — 65 
14.6 4 1296 0 —-0.01 — 65 
27.7 3 972 117.5 —0.025 —162 
43.4 2 648 135.5 —0.03 —194 
90.7 1 324 Edge 
PINOLE 
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Test Data AND CuRVES 


The tests of the calibration bar for bakelite material 0.226 in. 
thick established values of 324 lb per sq in. for each photoelastic 
band or fringe; and 64.8 lb per sq in. for each 0.01-division change 
in thickness measured by the extensometer. 

The investigation of stress distribution in the model was con- 
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Fig. 18 Stress CurvEs For Section XIV 


ducted on three primary cross sections. In Fig. 15, sections I 
to VII, excluding section III, were analyzed to determine com- 
bined stresses on the loaded steps; sections VIII to XIII were 
considered to ascertain the neck loadings on the step series and 
the concentrations at the edge fillets; and sections III and XIV 
were studied to observe the effect of the change in section with 
respect to the transmitted load. 

Examples of the original test data are given in Table 1 for 
sections I, X, and XIV. Measurements of the isochromatic 
photographs were made with a Brinell microscope adjusted to 
read in0.1-mm divisions. The photoelastic data give the equiva- 
lent stress for the measured number of bands in units of 0.1 
mm distance from the active fillets. The changes in thickness 
data were taken at the cross-marked points and converted into 
stress, with the same distance units as above. 

Curves in Figs. 16, 17, and 18 are representative of the three 
primary sections I, X, and XIV, respectively. 


oF TEstTs 


The first factor in the analysis of the test results was the 
investigation of the loads on the step sections in contact. The 
principal tensile stresses in the necks of the blade and spindle 
sections, largely in the vertical direction as shown by the zero 
isoclinics in Fig. 13, were integrated to determine the average 
stresses and the equivalent transmitted loads. Figs. 19 and 20 
present a summary of the tensile-stress distributions in sections 
VIII to XIII of the blade and spindle, respectively. The areas 
under these curves were converted into average stresses, total 
loads, and differential loads at the various steps as shown in 
Table 2. Further, the maximum tensile stresses, and the ratio 
of the maximum-to-average stresses and the stress-concentration 
factors are given in the table. For a total load on the specimen 
of 780 Ib, the load per blade would be 780/3 = 260 Ib, which 
value was approached very closely by the stress analysis. 
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TABLE 2 FORCES AND TENSILE STRESSES IN NECK SECTIONS 
: Curve Total Diff. Width Area Stress Stress Concentration 
‘ Sec area, load, load, sec, sec, avg, max, — factor 
3 no. sq in. b 1 in. sqin. Ibpersqin. lb persqin. ratio, max/avg 
; VIII 2.145 72 72 0.750 0.199 362 1000 2.76 
; IX 4.14 139 67 1.125 0.300 463 1210 2.61 
4 X 7.70 258 119 1.680 0.447 576 1600 2.77 
7 XI 5.51 252 78 2.08 0.554 455 1260 2.77 
x XII 5.19 174 53 1.70 0.452 385 1080 2.80 
4 XIII 3.61 121 121 1.14 0.303 400 1260 3.14 
a Avg 2.80 
— TABLE 3 STEP LOADING 
——Calculation—— Test 
F \ece Load, Per cent Load (avg), Per cent 
y Surface lb of total lb of total 
pon A 130 50.8 120 47.1 
4 B 45 17.9 60 23.5 
80 31.3 75 29.4 
3 l Totals 255 100.0 255 100.0 
N x | 3 \ 
foo + + ® G00 
| | | © NX | 
© 40 €0 60 i206 140 (@0 foo 400 
DISTANCE FROM IN MM. 
Fic. 19 Tensite Stresses NEcKS OF BLADE 
e 40 #0 80 140 160 £20 240 B60 
The theoretical calculation of stresses in the blade root and 


spindle is based upon the assumption of equal elongations be- 
tween adjacent steps in contact. Thus, in Fig. 21, the elonga- 
tion between surfaces A and B in the blade root is equal to the | 

corresponding elongation in the spindle. A similar situation is SPINDLE 
observed between surfaces B and C. Thus, if loads Py, Py, and 


Fic. 20 TENSILE STRESSES IN NECKS OF SPINDLE 


j P, are applied at the contact surfaces of the blade and spindle, 
is I - certain elongations result. The relative values of the forces 
om- |} which create these elongations may be approximated from the 
root and slot dimensions. Given 
an 
IV PL 
vith e= AE {1] 


for ‘ wheree = elongation, in. per in. 
atic fe P = load, lb 


ito L = length between sections, in. 
Sai A = effective area, sq in. 
0.1 é E = modulus of elasticity, lb per sq in. 
a from Fig. 21, the elongations of the various elements are as fol- 
into lows: 
ree +0) 0.561 C X 0.561 
1.405E 0.938E 
(B + C) 0.564 C x 0.564 
1.125 0.750E 
The (2] 
ndle f A X 0.564 (A + B) 0.564 
1.17E 1.731E 
rage 
A 
1 20 = Fie. 21 Drawrtne or Roor Sgcrions as CALCULATED 
ions 1.45E 1.92E ] 
reas : From Table 3, it is observed that the measured average dif- 
otal Setting + =e +e \ ee [3] ferential load carried by the first step at section X, and in the 
a in es + &y = & + C10 spindle at section XIII, designated in Fig. 21 as surface A, is 
atio 120 lb. Table 3 is then representative of the calculated loading, 
tion solving, the following relationships are found Equations [4], and the test data, with the percentage of total 
men B = 0.351A load carried on each section. 
hich [4] The determination of the loading on surfaces A, B, and C, 
C = 0.615A Fig. 21, makes possible a comparison of calculated stresses with 
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test stresses on the step sections. Considering the average test 
loads on the three sections, combined tension, compression, and 
shear stresses may be calculated by standard equations or Mohr 
diagrams. A sample calculation for section I is shown in Fig. 
14. It is assumed that the bending-moment load is concentrated 
at the middle of the contact section, while the compression and 
shear are uniformly distributed over their respective areas. 
In Table 4, the sections, loads, maximum principal stresses, and 
shear from test are tabulated with comparative values from calcu- 
lations. For maximum shear the ratios of the test values and 
the calculated values determine the stress-concentration factors 
for the sections. 


TABLE 4 STRESSES IN STEP SECTIONS 


Sec Diff Stress Stress Shear Cone. 
no. Data load P Q stress factor 
I Test 72 1200 —1800 1500 1.76 
I Cale 80 228 — 1482 853 i 

I Test 78 1000 — 1000 1000 
III Test 78 1100 — 900 1000 
IV Test 67 1000 —1000 1000 
Vv Test 53 1150 —1650 1400 
XIV Test 53 1400 —1800 1600 
VI est 119 1550 — 2450 2000 
VII Test 121 17 —2750 2250 
VII Cale 130 370 —2410 1385 

Avg 1.70 


The stress distributions for sections III and XIV are useful 
for comparison with the vertical sections in that the stress char- 
acteristics are influenced by the neck stresses at the change in 
width of the root elements. The maximum stresses are the same 
as for the vertical sections, but the curves for section XIV, Fig. 
18, indicate higher average stresses. 


COMPARISON OF BLADE AND SPINDLE STRESSES 


The maximum tensile stresses in the blade root and spindle 
occur at the sections carrying the total load. At section X in 
the blade, Fig. 15, the average stress was 576 lb per sq in. (Table 
2) and the maximum stress was 1600 lb per sq in.; at section XI 
in the spindle the average stress was 455 lb per sq in. and the 
maximum 1260 lb per sqin. Thus, in the model, the blade stress 
was 27 per cent higher than that in the spindle. The radii of the 
fillets are uniformly 0.090 in. 

However, at the step sections, the greatest force on the contact 
surfaces occurs at section A. From Table 4, section VI in the 
blade has principal stresses of 1550 lb per sq in. tension, 2450 Ib 
per sq in. compression, and 2000 Ib per sq in. shear; while section 
VII in the spindle has stresses of 1750 lb per sq in. tension, 2750 
lb per sq in. compression, and 2250 lb per sq in. shear. These 
sections are at the largest part of the blade and the smallest 
section of the spindle, respectively, and carry a load nearly equal 
to 1/2 the total load. Thus the maximum stress in the spindle- 
step section is slightly higher than in the blade at this point. 

In general, the maximum principal stresses in tension are the 
same for the neck and step sections in corresponding regions. 
However, the compressive stresses on the bearing surfaces of the 
steps are relatively high and therefore the combined shearing 
stresses are also high. 

For the step sections, II and IV have about the same stress 
distribution, with sections V, VI, and VII, progressively higher 
in stress. Sections I and V have similar stresses. The maximum 
stresses (and loads) are carried in sections VI and VII. 


CONCLUSIONS 


In the model, the dimensions of the step sections for the blade 
and spindle were the same, whereas the neck depths for the blade 
were less than those of the spindle. This design was considered 
in order to take advantage, in the actual steam turbine, of a 
stronger material in the blades. However, as is observed from a 
summary of tests and calculations given in Table 5, columns 1 
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and 2, it is very difficult to favor one element and increase the 
stresses in the other without an unsymmetrical design with regard 
to both necks and steps. Thus it was necessary to adopt a design 
with equal necks and steps, resulting in equal loads on each step, 


TABLE 5 COMPARATIVE DESIGNS OF BLADE ROOTS 


Equal loads, Equal loads, 
Photo- original increased 
Col elastic Original step step 
olumn data data surfaces surfaces 
Load, Ib 
Dimensions (z.......... 1.686 1.686 2.142 2.00 
blade, iy: 1.125 1.125 1.428 1.34 
in. Bi 0.75 0.7: 0.714 0.68 
2.106 2.106 2.142 2.00 
Spindle <b...... oe 1.731 1.731 1.428 1.34 
at+zect+2z2=2=bd+ y 2.856 2.856 2.856 2.68 
Step surface width, in.... 0.105 0.105 0.105 0.198 
Max principal tensilestress 
necks, lb per sqin..... 1600 1730 1290 1350 
Max principal compres- 
sive stress on steps, |b 
Max combined shearing 
stress in steps, lb per 
2250 2250 1540 1250 


With equal loads on the step sections A, B, and C, it is necessary 
that the middle neck sections be equal, and the maximum and 
minimum sections are */; and '/; of the mid-section, respectively. 
For the same depth of step section as on the model, these dimen- 
sions and stresses are computed and shown in Table 5, column 3. 

An increase of the surface area at the step contact from 0.105 
in. to 0.198 in. would produce smaller neck sections but consider- 
ably reduced compression stresses. Equal loads on the steps with 
balanced neck sections under this condition would give dimen- 
sions and stresses shown in Table 5, column 4. 

It may be concluded from the foregoing that good agreement 
exists between calculated and test data. This relationship is 
established by the concentration factors of 2.80 for the tensile 
stresses in the neck sections, and 1.70 for the maximum shear 
stresses in the step sections. These factors agree closely with 
those of 2.76 and 2.16, respectively, obtained from a photoelastic 
test of a single T-tail root’ of an alternator pole connector. 

For increased blade loading of future designs, comparative 
dimensions are obtainable by the calculation methods and con- 
centration factors suggested. 
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Discussion 


SrePpHEN BENczE.' The authors have presented an interesting 
analysis of the stresses and stress-concentration factors in one 
particular steam-turbine blade root of the multiple-step type. 
However, this analysis is of little value to the turbine-design 
field, since it deals with one particular case only. Then, to, 
certain factors influencing the problem have been disregarded. 

In Table 2, the authors list stress-concentration factors 4 
various sections of both the blade root and the turbine spindle 
but make no mention of the conditions for which these factors 
are valid. It is a fact that stress-concentration factors for 
re-entrant fillets are influenced by such factors as fillet ratio 


5 Turbine Department, Elliott Company, Jeannette, Pa. 
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(ratio of fillet radius to neck width), ratio of neck width to flange 
width, and the ratio of flange width to flange depth. The authors 
do not give root dimensions and so it is impossible to arrive at 
the values of geometric ratios for which the reported stress- 
concentration factors have been determined. 

In Fig. 14, a fillet radius of 0.090 in. is shown. Assuming this 
value to be constant for the various root and spindle sections 
analyzed, approximate values of fillet ratios for the reported 
conditions are shown in Table 6 of this discussion. The stress 
factors, also listed in this table, have been calculated from con- 
ditions reported by Timoshenko and Dietz.° 


TABLE 6 APPROXIMATE VALUES OF FILLET RATIOS 


Section Calculated 
Section width, Fillet stress-concentra- 
no. in, ratio tion factors 
0.750 0.120 2.73 
IX 1.125 0.080 3.45 
Xx 1.680 0.054 4.49 
XI 2.080 0.043 5.30 
XII 1.700 0.053 4.55 
XIII 1.140 0.079 3.48 


M. Hetényi’ reports minimum stress-concentration factors for 
T-heads for fillet ratios of 0.075 of approximately 3.50, which 
agrees very well with factors reported by Timoshenko and Dietz. 
However, factors reported by the authors are considerably lower 
than any of these. 


M. Herény1.* In any particular problem the amount of stress 
concentration depends upon the geometrical proportions of the 
sample. For this reason it is customary to discuss concentration 
factors as functions of the R/d fillet ratios, denoting by R the 
fillet radius and by d the diameter of the net section under con- 
sideration. 

The authors, when listing in Table 2 the concentration factors 
obtained in 6 different sections of the root and spindle, have 
omitted to indicate the R/d ratios for each of these sections. 
Since it is stated in the paper that the radii of the fillets were uni- 
formly 0.090 in. and, on the other hand, the d values of the sec- 
tions are shown in Fig. 21, the R/d ratios can be readily com- 
puted. Doing this we find that for sections VIII-XIII the R/d 
values vary between the limits of 0.043 and 0.120. It is difficult 
to see what was the authors’ justification in taking an average 
value of the concentration factors obtained in 6 different sections 
of so widely varying proportions and to suggest this average 
value k = 2.80 for design purposes. 

In order to compare the magnitude of the authors’ concentra- 
tion factors with existing data, let us take for example the 
T-head ending of the spindle (section XIII) where the fillet 
ratio is R/d = 0.090/1.170 = 0.0769. It is known that even a 
simple tension member with such a fillet ratio can give a concen- 
tration factor k = 2.7 and this does not yet take into account some 
particular conditions existing in T-heads, namely, the proximity 


“Stress Concentration Produced by Holes and Fillets,”’ by 8. 
seneshenino and W. Dietz, Trans. A.S.M.E., vol. 47, 1925, pp. 199- 

“Some Applications of Photoelasticity in Turbine-Generator 
Design,” by M. Hetényi, Journal of Applied Mechanics, December, 
1939, pp. A-151 to A-155. 

* Research Laboratories, Westinghouse Electric & Manufacturing 

ompany, East Pittsburgh, Pa. 
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of the points of supports to the fillets, the shearing and bending 
action on the flanges of the head, which all tend to increase the 
concentration of the stress at the fillets. These latter effects 
naturally will depend upon the geometrical proportions of the 
head. Assuming that Fig. 15 of the paper was drawn to scale, 
we find that the proportions of the T-head ending of the spindle 
are approximately D/d = 1.5 and h/d = 0.5 where D is the width 
and h is the depth of the head. For such proportions and for 
R/d = 0.075 the writer obtained a concentration factor of 6.85, 
referring the maximum fillet stress to the average tensile stress 
in the neck section. This high value can be traced back to the 
additional stress sources existing in any T-head fastening.? This 
factor is more than twice as large as the one obtained by the 
authors for similar proportions. The writer agrees that the stress 
condition in a simple T-head is not quite identical with the one 
existing in the T-ending of a multistep spindle. Minor variations, 
however, could hardly account for the great difference found in 
this comparison and it is believed that the concentration factors 
of the authors are too low. 

Though it is aside from the main topic of the paper it seems 
desirable to call attention to the fact that the dashed curve in 
Fig. 9 should be an ellipse, which is not apparent from the 
figure. 

AvTHoRS’ CLOSURE 


The question of stress concentration is of vital importance in 
the design of machines, and the authors welcome the discussion 
contributed by Stephen Bencze and M. Hetényi. 

It is quite evident that the stress-concentration factors ob- 
tained at the neck sections from the scale model of the machine 
are not in harmony with the idealized investigation. This is 
shown in the respective photoelastic illustrations of stress dis- 
tribution, Figs. 11 and 12 in the paper’ by Hetényi, and in Fig. 12 
of the authors’ paper. For the model of the multiple root, the 
maximum stresses were not found to be concentric about the fillet 
are, but were displaced toward the end of the fillet at the contact. 
surface. 

The difference between the photoelastic illustrations, exhibited 
as representative, indicates that the structures or their loadings 
are not equivalent. In the multiple-root model, all contacting 
surfaces were of the same material and mating steps were rela- 
tively symmetrical. Upon inquiry as to the method of loading 
and the type of materials in contact for the idealized investiga- 
tion,? Dr. Hetényi advised us that thin cork strips were placed 
under the supports along the flanges to obtain uniform loading, 
but did not indicate the construction of the support mechanism. 

Based on this information, it may be stated that, in the latter 
experiments, a particular type of distributed pressure was ap- 
plied to the T-heads; while in the case of the multiple root, the 
pressure distribution on the contact surfaces, although not in- 
vestigated, is presumably determined by the distortion of the 
mating elements. 

The authors are of the opinion that the major part of the ap- 
parent discrepancy between the factors given in the paper and 
those of Hetényi is due to this difference in loading. 

It is to be observed, however, that from the complete picture 
of stress distribution in the complex multiple-root model the stress 
concentrations which determine the design are those produced by 
the high contact pressures. 
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Permanence of the Physical 
Properties of Plastics 


By J. DELMONTE,' CHICAGO, ILL. 


Plastic materials are subject to certain changes in physi- 
cal properties during their various applications. Particu- 
larly significant are the creep and cold-flow phenomena. 
In the paper a general equation is developed expressing 
plastic-deformation rate as a function of a coefficient 
of viscous resistance and of a coefficient of internal re- 
sistance. Data for laminated phenolics, polyvinyl chlo- 
ride acetate, methyl methacrylate, polystyrene, and cellu- 
lose acetate are compared. Experimental evidence is pre- 
sented to show that after a sufficient length of time plastic 
deformation assumes a constant rate, continuing indefi- 
nitely. The dual nature of the molecular structure of 
plastics is emphasized, in which true elastic deformation 
may occur, as well as a time-dependent plastic deforma- 
tion, even at very low stresses. Further data are presented 
on the shrinkage of various plastics after exposure to ele- 
vated temperatures, and the swelling of these materials 
after exposure to high humidity or water immersion. Loss 
in impact strength upon exposure to high temperatures 
is also disclosed for laminated phenolics. 


N THE examination of the permanence of the physical prop- 

erties of organic plastic materials, attention should be given 

to those operating conditions which are likely to produce 
changes in the materials. When these operating or service con- 
ditions have been analyzed, they should serve as the basis of 
comparison for the various plastics. As engineering materials, 
one of the most singular characteristics of organic plastics is their 
response to thermal influences. In fact, they are generally 
classified as thermoplastic or thermosetting, distinguishing be- 
tween materials which are profoundly influenced by heat and 
those which are only slightly affected. 

Another characteristic of plastics which has a decided influence 
upon the design and application of the materials is their behavior 
under applied stresses. A review of technical literature indi- 
cates that with few exceptions, very few factual data useful for 
engineering purposes are available on the creep and cold-flow 
characteristics of the various plastics. Variations in test meth- 
ods; examinations confined to one material; failure to stress the 
material for a sufficient length of time; and failure to report 
fully the nature of the molecular structure, composition, or pre- 
vious history of the material, are some of the reasons detracting 
from the value of the research. Plastic materials, more so than 
many other materials of construction, are subject to permanent 
deformation under stress and, hence, require systematic analysis 
along these channels. 

The media in which the plastic materials are operating may 
also have a bearing upon their properties. Particularly note- 
worthy are such influences as the actinic rays of sunlight, high 
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humidity, and the corrosive effects of chemicals, any of which 
may cause a loss in utility of the material. When the material 
is to be used in a severe corrosive medium, tests in that specific 
medium under the most rigid operating conditions are usually 
conducted by the organization contemplating use of the material. 
Only in that manner can it be ascertained whether the material 
will prove acceptable. 

Consequently, in examining the permanence of the physical 
properties of plastics, the following tests may be pursued to 
evaluate the relative merits of the plastics: 


1 Creep and cold-flow tests at various stresses and at various 
temperatures, for different lengths of time. Recovery upon 
removal of stress also to be observed. 

2 Organic plastics at elevated temperatures: 

(a) Properties of the plastics at these temperatures. 
(b) Properties of the plastics after return to room tempera- 
ture; after exposures for different periods of time. 

3 Effect of immersion in water or high humidity upon the 
properties of organic plastics (or in lieu of water, the use of corro- 
sive chemicals). 


CREEP AND CoLp-FLow CHARACTERISTICS 


In this paper, an analysis will be made of the creep and cold- 
flow characteristics of solid plastic materials, as they are available 
commercially, in sheet form. The need for data of this nature 
has been emphasized in recent years (1, 2).?. Standard compres- 
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Fig. 1 MecHANicAL ANALOGY OF MOLECULAR STRUCTURE OF 
Puastic MATERIAL 


sion and tension tests must be modified to take into considera- 
tion time and temperature, for organic plastics, besides exhibiting 
elastic deformation, exhibit a time-dependent plastic deformation. 
There has been some doubt as to when plastic deformation first 
begins to make its appearance, when the stress is slowly applied 
to the material. It has been suggested recently by R. Houwink 
that for solid organic plastics, every stress will produce a certain 
amount of plastic deformation (3). The results of the present in- 
vestigation show this to be the case for a number of plastic mate- 
rials, even down to very low values of stress. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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A convenient mechanical analogy of the structure of a typical 
plastic material is given in Fig. 1, based in part upon conclusions 
arrived at in this paper. Under constant load, this mechanical 
analogy presupposes the following to take place: 

1 Upon placing the material under stress, there follows im- 
mediately a very rapid elastic deformation. 

2 This is followed by a plastic deformation which depends 
upon the stress, temperature, and the time of application. 

3 Under the continued application of load, the velocity of 
this plastic deformation will change with time. The internal 
structural elements contributing to this deformation character- 
istic are depicted in the mechanical analogy as possessing internal 
friction (as sliding friction between adjacent long chain mole- 
cules), and as possessing an inertia effect, depending upon the 
rate of change of deformation velocity (illustrated as a dashpot 
and cylinder). 

4 Upon removal of the load, there is a rapid, immediate elastic 
recovery, followed by a relaxation period in which further re- 
covery from deformation occurs, depending upon the manner 
in which the material was stressed. 

5 Another condition, not apparent from the mechanical 
analogy of the internal structure, admits the possibility that the 
elastic structure can be deformed past its elastic limit, besides 
the plastic deformation exhibited by those elements not part of 
the main elastic structure. 

The majority of these conditions has been recognized in pre- 
vious studies (3, 4). A mechanical analogy for plastic materials 
employing the same elements, shown in Fig. 1, has also been sug- 
gested (5), though in an entirely different arrangement. 

It is not entirely unexpected that new interpretations are neces- 
sary for such constants as elastic limit, yield value, proportional 
limit, and modulus of elasticity for materials possessing an inter- 
nal structure capable of elastic and plastic deformation. Most 
stress formulas for beams and other structural members are de- 
veloped for materials operating strictly upon the elastic portion 
of their stress-strain characteristics. It is obvious that these 
formulas must be modified when the permanency of the physical 
properties is a function of the material, its temperature, and time 
duration of stress. The creep and cold-flow data disclosed in this 
paper have been confined to a study of the influence of time 
under constant temperature conditions. Further studies are in 
progress to examine systematically the effects of temperature. 


RESEARCHES IN PLastTic DEFORMATION 


Method. Many of the researches upon the plastic deforma- 
tion of amorphous materials have employed methods designed to 
give uniform tensile or compressive stresses within the test mate- 
rials, under uniform loading conditions. For example, some tests 
compare plastic materials on the basis of per cent change in height 
of a small cube of specimen under a predetermined load at 120 F, 
over a period of 24 hr (6, 7). This technique is also employed 
in the mechanical testing of rubber, where dead weights are ap- 
plied for certain periods of time on rubber samples (8, 9). Other 
methods quite common employ ball-and-needle penetrometer 
techniques under certain loads at certain temperatures, for 
various time intervals. It has been the author’s experience that 
such methods are particularly adaptable to materials which 
exhibit relatively large deformation for a given tensile or com- 
pressive stress. These materials would include those plastics 
which have been described as possessing rubber-like qualities 
such as plasticized polyvinyl acetals, plasticized polyvinyl chlo- 
rides, rubber-like alkyds, certain acrylic resins, etc. For example, 
under a constant tensile stress of 41 lb per sq in. at 85 F, the 
time-deformation characteristics of polyvinyl acetal are shown in 
Fig. 2. This material has also been examined for changes in its 
photoelastic qualities under similar test conditions (10). How- 
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ever, when the more solid materials of this investigation were 
examined under direct tension and compression, the time for 
appreciable plastic deformation to take place was very long, 
lessening the accuracy of the readings, and making it difficult to 
distinguish the various stages of plastic deformation. 

Another procedure followed in observing creep phenomena 
is to load and unload materials within the proportional limit of 
the stress-strain curve (11, 28), measuring the creep as a func- 
tion of the elastic-hysteresis loop. Of course this technique is 
important also in determining Poisson’s ratio. However, this 
method does not permit a study of the effects of time duration of 
stress which is so highly important to plastic deformation, and is 
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not readily adapted to the study of recovery phenomena, such 8s 
the elastic aftereffect. 

In this investigation samples of the plastic materials were sup- 
ported as simple cantilever beams and loaded by dead weights ! 
the end, Fig.3. The apparatus designed by the writer tested four 
samples simultaneously, making it possible to observe materials 
under four different maximum fiber stresses during the same 
period of time. The equipment was enclosed within an insu- 
lated chamber, thermostatically controlled with air circulation, 
to 85 F plus or minus 2 F. Four micrometers attached solidly 
to the support block measured the end deflection of the specime!s 
by electrical contact with the support for the weights, and com 
pleting the circuit with a 7.5 lamp placed in series. The microme 
ters were operated manually when readings were to be taket 
The load applied by spring-actuated dial gages was too great 
permit using them in these tests. The supports for the weights 
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were reduced to a minimum, weighing only 4g. The microme- 
ters were read when contact was made with the weight sup- 
port, which was indicated by the lighting of the lamp. The 
readings were accurate to plus or minus 0.0003 in. The speci- 
mens were retained at their ends by '/s-in. steel pieces, clamped 
down by two thumbscrews. In making stress calculations, the 
weights of the supports for the loads and the weight of the speci- 
mens were taken into consideration. Electrical connection to 
the weight supports was made through a fine, B.S. No. 34 
enameled wire. 

While the values of deformation observed are in fact an inte- 
grated value for all stresses up to the maximum fiber stress, a 
simple cantilever beam affords a simple method of ascertaining 
the elastic and plastic properties of materials. The simple 
cantilever beam has an advantage over other types of beams, 
inasmuch as its moment diagram for loads at the end is a straight- 
line function of the suspended length, and also possesses a uni- 
form shear diagram. It may be readily seen that the simple 
cantilever beam by reason of its deflection at the end, acts as an 
amplifier of stress deformation in its fibers, in a ratio of some 
function of the length to the thickness of the material. There is 
much precedence for the use of a deflection of a beam as a measure 
of flow in solid bodies (12, 13, 14, 15). Trouton investigated flow 
in rods of pitch under the methods of tension, compression, and 
bending. His curves for sagging as a function of time show a 
distinct exponential relationship. In a majority of these earlier 
instances, tests were conducted upon bituminous substances or 
concrete, whereby the test specimens were placed upon two 
horizontal supports and deflection observed in the middle under 
the weight of the specimen or additional weights. 

The deflection of a beam also serves as the basis of comparison 
for plastic materials in a heat-distortion test in an American 
Society for Testing Materials specification (16) where the tem- 
perature is raised slowly and the temperature noted at which a de- 
flection of 10 mils occurs. In a similar British test specifica- 
tion, a simple cantilever test beam is employed to determine what 
is referred to as ‘‘plastic yield.”” The plastic yield is described 
as the specified allowable maximum deflection for a 5 * 5-mm 
specimen, 150 mm long, at a certain temperature (17). 

Materials Tested. The following materials were included in 
this investigation and a comparison made of their relative defor- 
mation as a function of time, for various stresses induced in 
the materials when they were loaded as simple cantilever beams. 
The specimen lengths were selected at 5 in., with the exception of 
polystyrene, which was 2.5 in. long. The results of polystyrene 
were corrected to a 5-in. length. The widths of the specimens 
were approximately 1 in. and, while an effort was made to obtain 
uniform thickness, the laminated phenolic and polystyrene 
samples differed from the others. 

Cellulose-acetate sheet: Specimens were cut from clear trans- 
parent sheet stock, approximately 0.089 in. thick; obtained from 
Fiberloid Corporation (now Monsanto Chemicals Company). 

Polyvinyl chloride acetate: Specimens cut from a white, filled 
stock, 0.094 in. thick; obtained from Carbon and Carbide 
Chemicals Corporation, series V. 

Methyl methacrylate: Specimens were cut from clear, trans- 
parent stock 0.09 in. thick; material obtained from Réhm and 
Haas Company. 

Polystyrene: A flat injection-molded test bar 0.069 in. thick 
served as a test sample; obtained from Dow Chemical Company. 

Laminated phenolic sheet, canvas base: Standard N.E.M.A. 
grade L material, 0.065 in. thick, employed in test. 

Theory. Within certain stresses, the initial rapid deflection 
of the simple cantilever-beam test specimens is a truly elastic 
deformation, the magnitude of the deflection and the maximum 
fiber stresses being calculable from the following well-known 
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formulas, which assume validity of Hooke’s law and uniform dis- 
tribution of stress-strain relations in compression and tension 
about the neutral axis 


and 
where y, = true elastic deflection 
W = weight supported at end of beam 
L_ = distance from point of support to weight 
E = modulus of elasticity 
I = moment of inertia 
S = maximum fiber stress 
M = maximum bending moment = W Xx L 
c = distance from neutral axis to outermost fiber. 


Immediately following the truly elastic deformation, the 
phenomena of creep and cold flow will commence, increasing the 
amount of deflection. There are two stages of plastic deforma- 
tion which were observed for the materials under test: 

Stage A—rate of change of deformation with time (dy/dt) 
changes from a maximum to a minimum constant rate. 

Stage B—in which dy/dt remains constant for an indefinite 
time for a given fiber stress (or given integrated stress value). 

Unlike crystalline materials which may work-harden, whereby 
dy/dt approaches zero, none of the plastics included in this test 
behaved that way, even at maximum fiber stresses as low as 500 lb 
per sq in. For the sake of definition, ‘‘cold flow’’ may be de- 
scribed as that constant rate of change of deformation with time, 
which a material will exhibit after being subjected to a certain 
stress for a certain period of time, at a constant temperature. 
In accordance with earlier suggestions,’ “creep” may be described 
as that stage of plastic deformation where the velocity of the 
deformation rate changes with time (d?y/dt?). Creep experiences 
its greatest value following the elastic deformation, becoming zero 
when true cold flow finally occurs. From the data presented in 
this paper, it will be seen that considerable time elapses before 
creep becomes zero, depending upon the maximum initial fiber 
stress. In general, it was observed that the lower the maximum 
fiber stress, the sooner creep was terminated and pure cold flow 
commenced. 

The existence of plastic deformation as a separate phenomenon 
from elastic deformation is brought out in the mechanical analogy 
given in Fig. 1. This admits the possibility that part of the 
stress is carried by nonelastic elements, which may also be in 
parallel with some of the elastic elements. This last considera- 
tion is borne out when one considers that the elastic aftereffect 
upon removal of load derives its energy from an elastic structure 
which is retarded in its recovery by the plastic elements. 

A general expression for plastic deformation may be developed 
in the light of creep and cold-flow phenomena. Assuming the 
two stages of deformation for amorphous materials, we have the 
following 


(3 ] 


where y, = elastic deformation 
Yp = plastic deformation 


The elastic deformation is defined by Hooke’s law within the 
elastic limit of the material 


where C = elastic constant 
S = stress required to produce y,. 


3 Reference (3), p. 188. 
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Expressing y, as a function of time and stress, the following 
formula may be applied 


where 


and M = coefficient of viscous impedance 
R = coefficient of internal resistance of molecules. 
As a solution to Equation [5], we have the following expres- 
sion for V, which is the rate of plastic deformation with time 


Integrating Equation [7], we obtain an expression for the plas- 
tic deformation as a function of time 


St SM 


—Rt/M) 


From the general solution for plastic deformation as a function 
of time at constant temperature, it is possible to make the neces- 
sary corrections in the calculations of beam deflections. This 
may be done by assuming that this time-deformation function 
determines the apparent instantaneous value of the modulus of 
elasticity. Further, for each material there will be a characteris- 
tic coefficient of viscous impedance, M, and a coefficient of inter- 
nal resistance R. These coefficients will be largely determined by 
the structural characteristics of the molecules, such as the degree 
of polymerization; method of polymerization; whether a linear 
or three-dimensional polymer is present; presence of plasticizing 
agents; influence of fillers; etc. For further discussion on fac- 
tors influencing flow characteristics of plastics, there are several 
papers which may be referred to (18, 19, 20). The coefficients 
mentioned may be calculated from a time-deformation curve 
at a stress below the elastic limit of the elastic portion of the struc- 
ture. 

The question would naturally arise, in view of the creep and 
cold-flow characteristics of the plastics, as to what interpretation 
should be given to the modulus of elasticity. Strictly speaking, 
it would be made a function of stress, strain, temperature, and 
time, inasmuch as the exact location of the elastic limit is open to 
some question. In the bending of beams beyond the propor- 
tional limit, Timoshenko has proposed in the well-known for- 
mula M = EI/p, that E be replaced by E,, a variable modulus of 
elasticity to be determined from the stress-strain relationships in a 
step-by-step method (21). 

In spite of the dual nature of the strain characteristics of the 
plastic materials, whereby one portion of the molecular struc- 
ture exhibits true elastic deformation, and the other portion is 
susceptible to plastic deformation even at the smallest stresses 
(these effects are evenly distributed throughout the structure), 
we can with justification employ the straight-line portion of the 
stress-strain relationship to determine the modulus of elasticity 
under certain circumstances. These conditions demand a short- 
time loading of the material, and the existence of an elastic 
deformation considerably in excess of plastic deformation (which 
was true for most of the materials tested). On the other hand, 
when time or permanency is a factor, modifications must be made 
in accordance with the general relationship established for plastic 
deformation, which is also verified by experimental results of this 
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paper. The necessity for altering the values of the moduli 
of elasticity has been recognized by other investigators, one 
proposing a high initial modulus of elasticity for amorphous 
materials and a low modulus of elasticity after plastic deformation 
(22). Better yet, the time dependence of the modulus of elas- 
ticity should be determined (23), a sentiment in which the author 
concurs. 

Relazation. The next point to consider is the relaxation upon 
removal of stress. If the molecular structure were such that 
elastic phenomena and plastic phenomena operated independently 
of one another, a rapid elastic recovery would ensue with no 
further recovery. However, such a condition does not exist and 
the energy for the plastic recovery (sometimes referred to as the 
“elastic aftereffect’’) is derived from a portion of the elastic 
structure. The rate of recovery will still depend upon a coef- 
ficient of viscous impedance and a coefficient of internal friction, 
both cooperating to make the rate an exponential function of time. 
This observation has been made by other investigators (4, 24). 


Yp (MAX) 


PERMANENT SET 


Fic. Typrcau Time-DEFORMATION CHARACTERISTIC 


Further, when a constant deformation is maintained under load- 
ing conditions, we may expect an exponential recovery of stress. 
Steinberger observed this condition for some cellulose esters, 
expressing the recovery of stress in an exponential equation (11). 

It will also be observed that the recovery from deformation 
will not be 100 per cent, due to 2 permanent set which occurs as 4 
result of the loss of stored energy from the elastic structure. 
Likewise when the stress is great enough to exceed the propor- 
tional limit of the elastic structure, the permanent set is very 
much greater. Thus the permanent set in the material will be a 
function of the time of stress application, temperature, and the 
amount of stress to which the material has been subjected. 
This behavior has been corroborated by the results of this in- 
vestigation. Houwink also points out the influence of thermo- 
recovery upon permanent set, wherein a further recovery from 
deformation ensues when the material is placed at a tempera- 
ture higher than that at which it was deformed.¢ 

If we admit the existence of a true elastic portion of the mole- 
cule, how then are we to determine correctly its true elastic limit 
if the results for the whole structure are susceptible to plastic 
influences even at low stresses? Grouping the deformation 
and recovery phenomena, there is the following: 


Elastic deformation (y,) + plastic deformation (y,) = 
elastic recovery (r,) + plastic recovery (r,) + permanent set. 
If upon the removal of the load, r, max exceeds y, max we have 
4 Reference (4), p. 7. 
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then exceeded the true elastic limit of the material, for it is only 
through a nonelastic deformation of the true elastic structure, 
resulting in a retardation of the elastic recovery, that this condi- 
tion would be true, Fig. 4. Thus the true elastic limit of amor- 
phous materials may be defined as follows: When stress is ap- 
plied such that the elastic deformation y, exceeds the elastic re- 
covery r, the applied stress exceeds the elastic limit of the mate- 
rial. This definition is true regardless of how long the stress is 
applied though the longer the stress is applied the greater is the 
difference. For example under the conditions of the test, the 
following results were noted for polyvinyl chloride acetate and 
methyl methacrylate. Elastic recovery was determined after 
50 hr and 100 hr of applied stress, respectively. 


Ratio of ye/re 
Polyvinyl chloride 


Maximum fiber stress, 


lb per sq in. acetate Methyl methacrylate 
500 1.00 1.06 
1000 1.00 1.06 
2000 1.01 1.20 
3000 1.90 1.64 


Similar relationships of y, and r, were observed for all of the 
other materials. Thus in applying the definition of elastic limit 
given in the last paragraph, when y. begins to exceed r, at an in- 
creasing rate, the elastic limit of the material is exceeded. The 
longer}the stress is applied, the greater will be this distinction, 
enabling the observer to readily determine the elastic limit of the 
elastic portion of the molecule. From this tabulation, we find 
that the elastic limit of polyvinyl chloride acetate lies between 
2000 and 3000, and the elastic limit of methyl methacrylate lies 


7000 

6000 
= 5000 

3 

4000 

2 | 


0 0.0! 0.02 0.03 0.04 0.05 0.06 
DEFLECTION , IN. PER IN. 


Fic. 5 Srress-Srrain Curve ror METHACRYLATE 


between 1000 and 2000 Ib per sq in. To check this result very 
careful measurements were made of the direct-tension stress- 
strain relationships of methyl methacrylate (see Fig. 5), and from 
these data the elastic limit between 1000 and 2000 
pounds per square inch was verified. 

Temperature. No results were available at the 
time of preparing this paper on the characteristics 
of the materials at different temperatures. Aside 


TABLE 1 


and under a given stress for a period of 5hr. The true elastic 
behavior of plastics at high temperatures was also noted by Hou- 
wink (26). Other results on the temperature dependence of 
plastic deformation are also enlightening (27, 28). 


MakinG DEFORMATION TESTS 


In preparing the data which are presented in the accompany- 
ing set of curves the following procedure was maintained in every 
case: 

Due to very rapid changes in deformation, following the ap- 
plication of the fixed weights serving as the load, a full 60 sec 
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were allowed to elapse before the first reading was taken. This 
value was assumed to be y, (true elastic deformation). Likewise, 
very rapid changes in deflection occurred upon removal of load, 
and again 60 sec were allowed to elapse before the first reading 
in the recovery curve was taken and r, (true elastic recovery) 
measured. Another assumption is the designation of maximum 
fiber stress above each curve during the loading period, which is 
correct only for the true initial elastic deformation. This value 
of maximum fiber stress was obtained from Equations [1] and [2], 
and naturally will change during time. However, it serves as a 
comparative indication of how the loads were selected for the 
materials. The value will be even less significant when the 
true elastic structure is deformed, which is the case for example, 
with cellulose acetate at 3000 lb per sq in. maximum fiber stress. 
Actually the recovery from maximum fiber stress in this one 
case is so great that there is a smaller separation of deflection 
ordinates between 2000 and 3000 Ib per sq in. than between 1000 
and 2000 Ib per sq in., Fig. 6. 

All values of deflection in the curves are measured at the end of 
a 5-in. simple cantilever beam which was adopted as a standard 


COLD-FLOW AND CREEP CHARACTERISTICS OF VARIOUS 
PLASTICS¢ 


fiber stress of 1000 lb per sq 
ota. 

elastic de- ——At 1 —. resistance 


formation Per cent, 5 cent, to cold flow 

from the phenomenon of thermorecovery, already Material (we), in. Te. ¥~ in. ¥e (R)b 

mentioned, also of note are the observations of Polyvinyl chloride 

acetate 0.407 0.020 4.9 0.106 26.0 1.66 X 106 

the phenol-aldehydic plastics behaved as Laminated  phonclic 

true elastic materials. He emphasized also that the (fabric base) 0.166 0.012 7.2 0.036 22.0 9.08 xX 10 
Methyl methacrylate 0.446 0.030 6.7 0.065 14.6 4.54 X 106 


speed of deformation is greatly dependent upon 
the temperature (25). These observations were 
conducted on test beams supported at two points 
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Data for 5-in. length simple cantilever-beam deflections, corrected for thick- 
+ R obtained from slope of curves in Fig. 17. 
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for comparison. It is not possible, either, to compare curves of 
materials with different thicknesses, unless data are presented as 
per cent of the original deflection. Results are plotted as the 
“increase in deflection’’ for various time durations of loads. The 
increase in deflection over the initial elastic deformation is in 
fact the plastic deformation Y,. The elastic deformation was 
not plotted on the curves, inasmuch as it was desired to compare 
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the plastic-deformation properties primarily, though the value 
may be estimated from Equations [1] and [2] readily. They are 
also given in Table 1. Further, upon the attainment of various 
time intervals, 50 or 100 hr, the load was removed and 60 sec 
allowed to elapse before the first reading in the recovery curve 


was taken. This reading would, of course, be a measure of true 
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elastic recovery r,, and further measurements denoted as re- 
covery from total deflection are in fact plastic recovery r,. To 
facilitate measurements upon the slopes of the curves at the initial 
deflection and initial recovery periods, the same data are plotted 
for shorter time intervals. For further analysis, a typical stress- 
deflection-log-time curve in three dimensions is plotted for lami- 
nated phenolics and methyl methacrylate, Figs. 8and9. Both of 
these curves were plotted according to the same ordinates. The 
smaller the volume, the more desirable the cold-flow and creep 
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characteristics. The other materials give similar plots, only 
occupying greater volumes for the same ordinates. All of these 
data are for a given temperature of 85 F. Figs. 10 to 16 are the 
deflections in bending, for certain time durations of various 
stresses for the various materials. 

For every material the two stages of plastic deformation are 
quite noticeable, more so in some instances than others, namely, 
where dy/dt is changing (creep) and where dy/dt becomes con- 
stant (cold flow). For higher values of stress, the longer is the 
time required to attain cold flow. The time required to attain 
cold flow differs considerably in the various materials. For ex- 
ample, methyl methacrylate attains cold flow at a much earlier 
period than polyvinyl chloride acetate. The fact that the cold- 
flow rates of methyl methacrylate are considerably smaller than 
polyvinyl chloride acetate would indicate that the former is to 
be preferred for applications involving the imposition of stress 
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over long periods of time. On the other hand, the smaller initial 
deflections of polyvinyl chloride acetate occurring during the 
early stages of plastic deformation, would mark this material as 
better suited to short-time applications of stress as compared with 
methyl] methacrylate. 

The attainment of constant dy/dt may be shown in Equation 
[8] after long periods of time have elapsed. This condition 
was observed for all of the materials under test, and is highly sig- 
nificant, for it means that the cold-flow rate is a straight-line func- 
tion of the stress. The slopes of the time-deflection curves were 
measured after cold flow commenced, and plotted as a function 
of the stress to give Fig. 17. Agreement with theory was ob- 
served in every case. We may also deduce from Fig. 17 that 
cold flow occurs even at very low stresses, as the line has its in- 
ception at the origin. 

In connection with the tests upon methyl methacrylate, it is also 
interesting to note the results of other creep tests conducted 
upon the same type of material, which agree with the results 
of this test (29). These specimens were loaded for 20 min and 
unloaded for the same length of time, obtaining the time-deforma- 
tion characteristics. The investigators suggested the following 
formula for the deformation: 

y = + B log, (1 + 
where A and B are functions of the load. 

As a basis of comparing the creep and cold-flow characteris- 
tics of the materials, Table 1 has been prepared from the data 
shown in the accompanying curves. For data upon casein plas- 
tics, there has been a recent survey of the elastic properties of 60 
types of rennet casein (30). In Table 1, low ratio of plastic defor- 
mation to elastic deformation may be deemed desirable, as well 
as high values of the resistance coefficient R. 

Effect of Structure. While insufficient types of the same mate- 
rials were tested to permit a comprehensive analysis of the effect 
of molecular structure upon cold-flow characteristics, a few re- 
sults may be reported. For example, when laminated phenolics 
were baked at 275 F for 24 hr and then tested under cold flow, a 
marked decrease was observed, indicating of course that further 
polymerization had removed from the molecular structure some 
of those elements susceptible to plastic deformation. Tests upen 
hot-molded phenolics, which were prepared from more reactive 
phenolic constituents than employed in the preparation of the 
laminated materials, exhibited less creep and cold flow than the 
laminated, and considerably less permanent set. 

As for the effect of orientation of long chain-like molecules pres- 
ent in polystyrene, for example, a few tests conducted to date 
indicate less cold flow with the unoriented molecules. Another 
theory has also been advanced that the shorter the chain length, 
the less the internal frictional resistance to cold flow (24). 

While cold-flow and creep phenomena throw much light upon 
the relative merits of the commercially available materials, the 
full answer will not be realized until the effect of molecular weight, 
molecular orientation, and the effects of extraneous materials 
such as fillers and plasticizers are fully examined under the same 
conditions. It is also interesting to note that plastic flow will 
occur in metals, even at ordinary temperatures at stresses below 
their elastic limit (31), though the ratio of plastic deformation to 
elastic deformation is very much smaller than with the plastics. 


SHRINKAGE OF MoLpED at ELEVATED TEMPERATURES 


Always a factor in determining the permanency of the physical 
properties of the plastics is the effect of temperature upon the 
shrinkage of the materials. This aftershrinkage occurs in addi- 
tion to the normal thermal shrinkage of the material when it is re- 
moved from the mold. Failure to take it into consideration has 
sometimes caused serious discrepancies in design values. A few 
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results are reported in the curves, Figs. 18 and 19, for various 
plastics. These results are of particular interest to the thermo- 
setting urea and phenolic plastics which are often exposed to 
higher temperatures than the thermoplastic materials, which are 
limited by their low heat-distortion point. 

It has been generally assumed that further thermal polymeri- 
zation (with certain temperature ranges) of thermoplastic and 
thermosetting compounds results in improved physical properties, 
though some exceptions have been noted (19). In phenolics, for 
example, the additional polymerization incurred on exposure to 
elevated temperatures, is accompanied by internal shrinkage in 
the material as the phenolic constituents attach themselves to the 
main primary bond structure through methylene linkages. 
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Fie. 19 SHRINKAGE OF MOLDED Puastics at 200 F 


Nevertheless, the results of Fig. 18 are quite interesting, for 
only slight differences were noted for a molded article with 1-, 2+ 
and 10-min curing periods in the mold. The measurements were 
made with a 4- to 5-in. micrometer upon a 4.5-in-diam molded 
ring and are accurate to plus or minus 0.0001 in. It was expected 
that the poorly undercured 1-min sample would shrink con- 
siderably more than the overcured, whereas only a slight differ- 
ence was recorded. This observation has been corroborated by 
other investigators (32). 

Application of excessive temperatures of 500 F produced swell- 
ing in a very short period of time due to the thermal disintegt® 
tion of the resin molecule. One must assume that the prime 
molecular structure of the materials is developed during the period 
the material is molded under heat and pressure. Further changes 
in polymerization outside of the mold must result in a reduction 
of soluble stage ‘B”’ resin constituents which Houwink assumes 
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being present within a strong, polymerized primary molecular 
structure (4). Chemical, electrical, and physical properties may 
be expected to improve through a reduction of these constitu- 
ents, providing the temperature is not too high to be detrimental 
to the resin or its filler. For a discussion of other possible effects 
produced by aging in phenol-formaldehyde products, there are 
other studies (33). 

In summarizing the discussion of the shrinkage of hot-molded 
phenolics and urea plastics, the significance of time and of tem- 
perature must be pointed out again. For example in Fig. 18 
{which employed bakelite molding composition No. 8041), a 
limit in the amount of aftershrinkage was indicated when the 
material was maintained at 200 F. Continuance of the tem- 
perature exposure at 300 F after 550 hr revealed more than a 50 
per cent increase in aftershrinkage. After the specimens were 
removed from test and left to stand in the atmosphere, a slight 
swelling was observed after several weeks, due to the absorption 
of moisture, though this new over-all dimension was considerably 
smaller than the original dimension. 

The effects of increasing temperature upon thermoplastic 
materials are quite marked. If they are under stress, they will 
distort readily, particularly as the temperature approaches 
their heat-distortion point. If not under mechanical stress, as 
for example an electrical insulating coil bobbin, they may be 
used above their heat-distortion point. It must be pointed out, 
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however, that cellulosic products which are usually highly plas- 
ticized, will suffer a loss of plasticizer content and residual 
solvent and become embrittled if exposed to excessive tempera- 
tures for too long a period. Shrinkage in molded cellulose- 
acetate articles will also be due to loss of moisture content. In 
comparison with other materials shown in Fig. 19, an injection- 
molded cellulose-acetate article showed a shrinkage of 0.013 in. 
per in. in 24 hr, though it does not change much after this. It is 
noted further that the actual shrinkage was dependent upon 
which portion of the article measurements were taken, with re- 
spect to the injection gate. 

Cast products of polystyrene and methyl methacrylate are 
susceptible to further contraction during aging, due in part to 
further polymerization. In casting these materials from their 
monomeric form, there is a 15 to 20 per cent reduction in volume. 
Tests upon articles cast of methyl methacrylate revealed that as 
much as 0.020 in. per in. shrinkage took place over a 24-hr period 
at 200 F. 


RETENTION oF PuysicaL Properties AFTER HicH-TEMPERA- 
TURE EXPOSURE 


What of the physical properties of the plastics after they have 
returned to room temperature after being exposed to high tem- 
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peratures for long periods of time? If thermoplastic in nature 
and they have suffered a loss of volatile materials which con- 
tributed to their impact strength, we may of course expect a 
diminution of the physical properties. For thermosetting mate- 
rials, much depends upon the temperature in which the material 
was operating and the time at that temperature. For tempera- 
tures up to 275 F, an improvement in physical properties has even 
been noted for some of the laminated phenolics. In Fig. 20 some 
interesting data are given to show the effects of high-temperature 
exposure upon the physical properties of laminated phenolics. 
Most of the results are for grade-XX paper-base laminated phe- 
nolic plastics, though for comparison, the decrease in impact 
strength of an asbestos-base material at 300 F is included. Con- 
siderations, such as those which reveal a marked loss in impact 
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strength after being placed in service for a certain length of time, 
necessitate the provision of ample factors of safety. The signifi- 
cance of the previous history of the material has been empha- 
sized by more than one investigator (34). 


Errect oF MoisturRE ON PERMANENCY OF PuysiIcAL PROPERTIES 


A few remarks on the effects of moisture on the physical proper- 
ties will serve to emphasize this important influence on the per- 
manency of the characteristics. Much study has been given to 
the changes in physical dimensions of various organic plastics 
upon exposure to moisture (35, 36). This consideration of per- 
manency is of particular import when the molded articles are to 
operate in high humidity or in water. For example, laminated 
phenolic bearings operating in water must be designed with 
adequate shaft clearance to prevent seizure when the materials 
swell slightly in the course of time. The author has conducted 
several tests in a highly humid atmosphere to illustrate the effects 
of high humidity upon dimensional stability of typical molded 
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articles, Figs. 21 and 22. These data are given primarily for 
illustrative purposes, as no attempt was made to investigate 
thoroughly the question of moisture absorption. The designer is 
cautioned to make adequate allowance for swelling when the 
plastic parts are operated in water or high humidity. Par- 
ticularly noteworthy is the more rapid permeation of moisture 
in the cellulose structure than with the molded phenolics. Under 
the same conditions of test, polyvinyl chloride acetate and methyl 
methacrylate showed no measurable change in 48 hr. 

In conclusion it must be emphasized once again that there 
are many factors affecting the permanency of the physical proper- 
ties of plastics. This paper has attempted to deal with the funda- 
mental aspects of one of the most significant factors, plastic defor- 
mation under stress. Further, the reader’s attention was called 
to other significant phenomena such as shrinkage at high tem- 
peratures, and swelling in moisture for various molded articles, 
though the analysis of these conditions was not pursued as 
actively as for the creep and cold-flow phenomena. 
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Discussion 


E. H. Huu) anp A. J. Nerap.’ It would appear that, in 
order to account for permanent set in the mechanical analogy 
given in Fig. 1 of the paper, another friction device should be 
added which has no spring across it. If the load in Fig. 1 is re- 
moved the lower spring will recover completely, since it is 
spanned by a viscous impedance. 

Our experience with rubber and with steels at high tempera- 
tures and moderate stress indicate that time-deflection curves do 
not reach a constant slope within a reasonable length of time. 


5 Research Laboratory, General Electric Company, Schenectady, 
N.Y. Mems. A.S.M.E. 


100 


T 
t 
asain 
— 
= 40 
te} 30 
z 
20 
5 PER 
w 
10 
5 
| 2 345 10 20 50 100 
TIME , HOURS 
Fic. 23. Repiot or Data From Fia. 6 or Paper; TiME-DEFORMA- 


TION CURVE FOR CELLULOSE ACETATE 


I 
0 
; 
cr 
ee 
tk 
co 
5 


DELMONTE—PERMANENCE OF THE PHYSICAL PROPERTIES OF PLASTICS 


20 
10 
+o 
z5 
w 2 
ra) 
' 2 3 4 5678910 20 30 40 50 100 
TIME , HOURS 


Fic. 24 Reprot or Data From Fig. 13 oF PAPER; T1ME-DEFORMA- 
TION CURVE FOR LAMINATED PHENOLIC PLASTIC 


For example, if the data from Figs. 6 and 13 of the paper are 
plotted on log-log paper as in Figs. 23 and 24, straight lines are 
obtained with a slope considerably less than unity. An expression 
of the following form will represent this straight line 


= KT* 


where y = deflection, in. at any time 7’, hr 
K = deflection at 1 hr 
n = slope of line. 


Differentiating this expression we have 


= nKT*-! 
dt 
which will also give a straight line when plotted on log-log paper. 
Since n is considerably less than unity, this expression indicates 
that the change in deflection per unit time decreases with time. 
This point has been made for steel by Hanson® and Zschokke.’ 


C. W. MacGrecor.’ The close similarity between the test 
results for plastics given in the paper and those obtained for the 
creep of metals is apparent. For the creep curves in Figs. 13 and 
15, there is at first a portion of each curve having a diminishing 
creep rate followed by a region through which the creep rate is 
constant. In the creep of metals, these regions have been called 
the primary and secondary stages of creep or primary and sec- 
ondary creep, respectively. The term ‘‘cold flow” used in the 
paper for the secondary stage of creep appears to be somewhat 
undesirable not only from the standpoint that this type of creep 
occurs at different temperatures also, but because the second 
portion of the creep curve has no distinguishing temperature 
condition from the initial stage. In metals, it is felt that the 
constant creep rate in the second stage is due to a balance be- 
tween the annealing effect which tends to increase the slope and 
the strain-hardening which has the effect of decreasing the slope. 
A somewhat similar condition may be present for plastics. 

A third stage of creep is obtained for metals if they are sub- 
jected to sufficiently high temperatures and stresses. This region 
is characterized by a rapidly increasing creep rate until fracture 
occurs. It would seem that a similar stage would be received for 
plastics if the tests were run for sufficiently long periods of time 


°“Creep of Metals,’’ by D. Hanson, Trans. American Institute of 
Mining and Metallurgical Engineers, vol. 133, 1939, pp. 15-57. 

’*Beeinflussbarkeit und Bewertung des Kriechens und der Erholung 
bei hohen Temperaturen,” by Von H. Zschokke, Schweizer Archiv, 
Jan., 1939, pp. 1-9. 

* Associate Professor of Applied Mechanics, Massachusetts Insti- 
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at higher temperatures than those used in the investigation under 
discussion. 

Metals also show similar creep-recovery phenomena.’ It is 
interesting to note that for the higher stressed plastics, after a 
sufficient time has elapsed, most of the creep has been recovered. 
From these tests it is evident that creep recovery is a pronounced 
function of stress at least and that, if the recovery curves were 
plotted for longer times, they might become nearly asymptotic. 

Concerning the method of test, the use of four-point loading or 
so-called “pure bending,’ where the bending moment is constant 
over a considerable length having also zero shear, would seem to 
have certain advantages over the cantilever method of testing 
where the bending moment varies linearly and there is a constant 
shear present. In case four-point loading is used, the deflection 
of the portion of the beam under a constant bending moment 
from the inside loading points, i.e., the deflection of the center of 
the beam from the chord drawn between the inside loading points, 
could be obtained readily. It would also appear desirable to re- 
duce the width of the specimen from 1 in. to about '/2 in. or less, 
since plate action is introduced in the wider cases and the test 
piece is essentially a cantilever plate, the length-to-side ratio of 
which is 5 to 1, and not a beam as we ordinarily define it to which 
Equation [1] in the paper applies. 


AUTHOR’s CLOSURE 


The differences of opinion which exist as to the attainment of 
a constant slope in the time-deflection curves of materials under 
stress are brought out by the two discussions of this paper. Mr. 
MacGregor presents evidence which agrees with the results dis- 
closed by the paper, while Mr. Hull and Mr. Nerad indicate re- 
sults to the contrary. It appears to the author that the problem 
is a fundamental one in materials and that cognizance must be 
given to the nature of elastic and plastic reactive forces appearing 
in the material under stress. Direct comparisons of steel which 
behaves more closely to an elastic body than organic plastics are 
difficult, primarily because of such phenomena as strain-harden- 
ing. By the same token, it would not be propitious to compare 
directly materials which closely approach true plastic behavior, 
even though the attainment of a constant slope of load deflection 
occurs in a very short period of time.’® Reiterating, it is the 
author’s experience with organic plastics that, under test condi- 
tions involving no chemical changes in the material, and under 
constant stress per unit area loading, for all practical purposes a 
constant slope in the deflection-time curve will be observed. 

Concerning the formulas and replotting of data by Messrs. Hull 
and Nerad, it should be noted that an actual calculation of n from 
data presented in the text shows that n is a function of K, and 
K is dependent upon a reference-time point. A more satisfac- 
tory manner of representing the time dependence of the rate of 
change of deflection with time for true plastic flow is shown in 
Equation [7] of the text, a substantially constant rate being 
achieved after long periods of time. 

Their comments concerning Fig. 1 of the paper are quite cor- 
rect, for the mechanical analogy indicated was merely a simple 
representation of a considerably more complex system. The cor- 
rect picture would show a friction device between each coil of 
the lower spring. As in the graphical method of indicating dis- 
tributed capacitance between the turns of a coil, the friction ele- 
ments are combined into one illustrative element. 

Mr. MacGregor’s suggestions for the method of test are inter- 


***The Phenomenon of Creep Recovery,” by H. J. Tapsell, Inter- 
national Association for Testing Materials, London Congress, April 
19-24, 1937, pp. 1-3. 

10 “Plastic Flow of Dispersion and a New Approach to the Study 
of Plasticity,’’ by P. S. Roller, Journal of Physical Chemistry, vol. 
43, no. 4, April, 1939, p. 457. 
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esting, particularly the desirability of reducing specimen width 
to !/, in., which is slightly more satisfactory. Tests upon poly- 
styrene were conducted with this width, and the author contem- 
plates adopting this size for the others. Regarding the four-point 
loading, the constant bending moment is in its favor. However, 
the means of attachment of the loading weights which usually re- 
quire some hole or notch in the specimen would present a dis- 
continuity at the point of maximum bending moment, whereas, 
in the case of the simple cantilever beam, the point of attachment 
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is located at the minimum bending moment. Furthermore, 
shorter specimens may be more easily handled by the cantilever 
method. 

Extensions of the recovery curves show an asymptotic rela- 
tionship. In fact for given values of applied stress during the 
loading period, there may be plotted a relationship between per- 
manent set and applied stress, for a given time. Further, an 
interesting relationship exists between permanent set and time of 
applied load, for a given stress and temperature. 
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Laminar-Flow Heat-Transfer Coefficients 
for Ducts 


By R. H. NORRIS,' SCHENECTADY, N. Y., ann D. D. STREID,? WEST LYNN, MASS. 


In this paper, theoretically derived values of the heat- 
transfer coefficient for flat ducts with constant surface 
temperature are presented and compared with the corre- 
sponding results for round ducts which have been previ- 
ously published. A few test data for air in flat ducts are 
compared with the theoretical results. For both flat 
ducts and round ducts the results are presented both 
in customary terms and in terms of the logarithmic-mean 
temperature difference. The latter results provide a 
consistent basis for comparisons with heat-transfer data 
for turbulent flow. Some limiting values of the local heat- 
transfer coefficient for both constant surface temperature 
and constant heat input per unit length are tabulated, 
and some equations pertinent to very short ducts are in- 
cluded. 


NOMENCLATURE 


A = surface area of that part of duct which transfers heat (for 
a flat duct it includes both sides if both are transferring 
heat), sq ft 

S = cross-sectional area for fluid flow, sq ft 

minimum distance from center to wall of duct, ft 

specific heat (at constant pressure), Btu per lb per deg F 

C; = constant in Equation [12] tabulated in Table 2, dimen- 
sionless 

D = equivalent diameter = 4LS/A, ft 

= acceleration of gravity = 4.17 < 108, ft per hr per hr 

= w/S = pV = weight velocity, lb per sq ft per hr 

D*p28 Ataqg/u? = Grashof number, dimensionless 

= heat-transfer coefficient, based on particular temperature 

difference indicated by subscript used with h, as defined 
by Equation [1], Btu per hr per sq ft per deg F 

h, =h on arithmetic-mean-temperature basis (see Equation 
(1}) 

h,; = hon inlet-temperature-difference basis (see Equation [1}) 

h, =h on logarithmic-mean-temperature basis (see Equation 
(1}) 

h, = hon local-temperature-difference basis (see Equation [1]) 


af 
tol 


j = heat-transfer factor, dimensionless 

k = thermal conductivity of fluid (subscripts, of same meaning 
as those for u), Btu per hr per sq ft per deg F per ft 

L_ = length of duct or plane, or distance from leading edge or 
entrance of heated portion of duct, ft 

q = total heat-transfer rate, Btu per hr 

Rp = Reynolds’ number, dimensionless 


t = fluid temperature, deg F 

‘General Engineering Laboratory, General Electric Company. 
Jun. A.S.M.E. 

* Supercharger Engineering Department, General Electric Com- 
pany, River Works. Jun. A.S.M.E. 

Contributed by the Heat Transfer Professional Group and pre- 
sented at the Annual Meeting, Philadelphia, Pa., December 4-8, 
1939, of Tue AmerIcAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


t, = transverse mean (mixing-cup) temperature of the fluid 
(1),? deg F 
t, =t,, at inlet, deg F 


t, =t,, at outlet, deg F 

At, = t,—(t +&)/2, deg F 

t, = wall temperature, deg F 

wall temperature at inlet, deg F 
= wall temperature at outlet, deg F 
V = w/pS = mean velocity, ft per hr 


w = total weight flow of fluid, lb per hr 

x = axial distance from the entrance to any given point in 
duct, ft 

8 = coefficient of volumetric expansion of fluid, (deg F)~! 

un = viscosity of fluid, lb per ft per hr 

uy = viscosity at mean film temperature, as defined by Colburn 
(4), lb per ft per hr 

Lm = viscosity at fluid temperature ¢,,, lb per ft per hr 

Hy = viscosity at wall temperature t,, lb per ft per hr 

p = density of fluid, lb per cu ft 

@ =empirical correction factor, defined by Equation [24], 
dimensionless 


® = cGD*/kL, dimensionless 


Purpose oF Heat-TRANSFER STUDY 


Heat transfer to fluids in laminar flow in ducts is amenable to 
exact mathematical analysis provided constant fluid properties 
and reasonably simple flow conditions, concerning temperature 
distribution along the duct walls and velocity distribution across 
the duct, may be assumed. 

For round ducts, on the basis of these assumptions, a number of 
expressions (1, 2, 3), derived analytically for the heat transfer, 
have been available for some years; and empirical correction fac- 
tors (4, 5) have more recently been developed to correct these 
equations for the effects of the discrepancies between the assump- 
tions used and the actual conditions in practical applications. 
Each of the various theoretical expressions is theoretically accu- 
rate only within its own appropriate range of the major variable, 
however, and nogconvenient combined summary of all these 
ranges of application seems to be available. 

For flat ducts, on the other hand, no theoretical results for 
assumptions reasonably representative of practical conditions 
have been available, in spite of the importance of flat-duct prob- 
lems in such applications as air flow between fins and the flow of 
cooling oil in narrow annular or flat ducts. Although Nusselt (6) 
has calculated the heat transfer to a liquid film of constant thick- 
ness flowing down a flat plate with the same assumption of veloc- 
ity distribution (parabolic) which is reasonable for flat ducts, the 
application of his results to flat ducts has not been made. 

This paper has three purposes which are: (a) To present for 
flat ducts theoretical results covering the complete range of 
variables, based largely on Nusselt’s method; (b) to present 
for round ducts similarly complete theoretical results, showing 
how these are selected from different sources by applying results 
from each source to a different, specific range of the major 
variable; and (c) to express all these results in terms of alterna- 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tive bases of correlation, together with certain simple approxi- 
mations, for convenience for different applications. 

For simplicity, the words “flat duct”’ are used throughout this 
paper to denote the case of flow between flat parallel plates of 
infinite extent perpendicular to the flow direction. This repre- 
sents the limiting case of a duct of rectangular cross section when 
the ratio of the longer to the shorter side becomes very large. 


THEORETICAL ASSUMPTIONS 


The theoretical results presented in this paper should be used 
with an understanding of the assumptions on which they are 
based. Although these assumptions will not be discussed in de- 
tail, the effects of the major practical variations from them will 
be considered later. The assumptions are: 


1 The transverse velocity distribution is parabolic with zero 
velocity at the wall. 

2 The duct wall is at constant temperature, unless specified 
otherwise. 

3 The fluid properties (c, p, and k) are constant. 

4 Heat conduction in the direction of flow is negligible. 

5 Temperature conditions do not change with time. 


THEORETICAL RESULTS SHOWN GRAPHICALLY AND NUMERICALLY 


One convenient form of correlation of results is in terms of the 
dimensionless group h,D/k, as a function of the dimensionless 
group ® = cGD?/kL. For round ducts, many authors have used 
a different dimensionless group we/kL, which is related to ® as 
follows 

4 we 
kL 
The variable is used in this paper because it is applicable to flat 
ducts as well as to round ones. 

Table 1 presents numerically the theoretical results for this 
form of correlation, as well as for certain other forms discussed 
later. Understanding of the sources of the results in Table 1 is 
facilitated by consideration of Fig. 1, where the results from each 
source are shown graphically. 

Plotted in Fig. 1, for both round and flat ducts, are two theo- 
retically derived solutions for h,D/k, one of which, the Graetz 
solution (2) or its numerical equivalent (6), is applicable for low 
values of , and the other, Lévéque’s approximation (3), is 
applicable for high values of . The range of values of #, for 
which each solution is accurately applicable, is evident from in- 
spection of Fig. 1, and the results in Table 1 were selected ac- 
cordingly, as explained in the following: e 

For round ducts, the numerical values of h,D/k in Table 1 were 
calculated by the authors from Graetz’s original equations (2) for 
values of @ below 150, and from Lévéque’s approximation (3) for 
the values of above 2000. For the intermediate values of ® 
(150 to 2000), a linear interpolation on the log-log plot was used, 
as shown by the dashed line in Fig. 1. 

For flat ducts, the values of h,D/k in Table 1 for values of ® up 
to 400 were obtained from a numerical solution as calculated by 
the authors using the method described by Schmidt (7), before 
they learned that Nusselt (6) had presented the same sort of 
solution. The authors’ results were later found to agree with 
Nusselt’s results over this range of . This agreement should 
increase confidence in their validity. For values of @ above 400, 
the data in Table 1 were calculated from Lévéque’s approximation 
(3), as modified by the authors to make it applicable to flat ducts. 


ALTERNATIVE TEMPERATURE BASES 


Four alternative temperature differences and the relations be- 
tween the heat-transfer coefficients based on them are 
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The coefficient h, based on the arithmetic-mean temperature 
difference, has heretofore been used widely (5, 8, 9). The coef- 
ficient h,, based on the inlet temperature difference simplifies the 
evaluation of the total heat q but, as shown later, the coefficient h, 
itself cannot be represented by a simple approximate equation 
over as large a range of values of @ for round ducts as the coef- 
ficient h,. 

The coefficient h,, based on the logarithmic-mean temperature 
difference has been previously used in the literature, not for lami- 
nar flow, but only for turbulent flow where it is always equal to h, 
which does not vary with z (except as changes of mean tempera- 
ture with z affect fluid properties and thereby affect h,). Because 
laminar flow h, varies with z and its true mean value (1) is repre- 
sented by neither h;, h,, nor h;, all three of these coefficients may 
be considered as equally arbitrary choices. Nevertheless, h, has 
several advantages over h,. As shown later, the maximum error 
introduced by certain convenient approximate equations for h, 
and h, is either smaller for h, than for h,, or at least the same, 
and the direction of this maximum error makes the calculated 
heat transfer too low instead of too high. Then too, the use of h, 
for laminar flow permits comparison with turbulent-flow data on a 
consistent basis. Finally, for decreasing values of #, h,D/k ap- 
proaches asymptotically a lower limit, which is not zero but is the 
same as the lower limit for h,D/k, whereas h,D/k decreases 
linearly with ® toward zero. This behavior of h,D/k is likely to 
be misleading. For example, for values of & below 8, a decrease 
in D will be found to decrease h,, which may seem at first glance 
undesirable, whereas actually, it is likely to be desirable, since it 
will increase h, and h; and thereby permit a reduction in the 
surface area required for a given total heat transfer q. 

The local coefficient h, is useful when the conditions at a par- 
ticular part of the duct, rather than for the duct as a whole, are to 
be considered. 


(1) 


TABLE 1 HEAT-TRANSFER RELATIONS FOR PARABOLIC 
VELOCITY DISTRIBUTION WALL TEMPERA- 


-———Round ducts———~ Flat ducts-——— 

=hiD haD hiD haD 
kL k k k k k k 

1 0.25 0.50 3.68 0.25 0.50 7.60 

2 0.50 0.99 3.76 0.50 1.00 7.60 

3 0.75 1.48 3.61 0.75 1.50 7.60 

4 0.98 1.92 3.86 1.00 2.00 7.60 

5 1.20 2.29 3.91 1.24 2.48 7.62 

6 1.39 2, 60 3.96 1.49 2.95 7.65 

7 1.57 2.86 4.01 1.73 3.42 7.69 

8 1.74 3.07 4.06 1.96 3.85 7.74 

9 1.89 3.25 4.11 2.18 4.23 7.80 

10 2.03 3.41 4.16 2.39 4.58 7.86 
12 2.27 3.66 4.26 2.78 5.18 7.92 
15 2.60 3.96 4.41 3.30 5.89 7.98 
20 3.05 4.38 4.70 4.00 6.67 8.05 
25 3.43 4.72 4.97 4.55 7.16 8.15 
30 3.76 5.02 5.22 5.00 7.50 8.24 
19 4.33 5.52 5.67 5.74 8.04 8.52 
60 5.22 6.32 6.48 6.73 8.67 8.93 
90 6.23 7.24 7.30 7.87 9.54 9.67 
130 7.97 8.18 8.23 8.97 10.4 10.5 
200 8.63 9.45 9.45 10.4 11.6 11 6 
300 10.1 10.8 10.8 12.0 13.1 13.1 
400 11.2 11.9 11.9 13.4 14.4 144 
600 13.0 13.6 13.6 15.4 16.2 16.2 
1000 15.6 16.1 16.1 18.8 19.5 19.5 
2000 19.9 20.3 20.3 23.3 23.9 23.9 
3000 22.9 23.3 23.3 26.4 26.9 26.9 
4000 25.3 25.6 25.6 28.9 29.3 29.3 
6000 29.0 29.3 29.3 o2.2 33.5 33.5 
10000 34.6 34.8 34.8 39.6 39.9 39.9 
20000 43.6 43.8 43.8 50.0 50.2 50.2 
30000 50.0 50.2 50.2 57.0 57.2 57.2 
55.1 55.2 55.2 62.6 62.8 62.8 
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Fig. 1 THeoreticaL Heat-TRANSFER CORRELATION FOR LAMINAR FLow ON ARITHMETIC-MEAN TEMPERATURE-DIFFERENCE Basis, 
SHowine Resutts or VARIOUS ANALYSES FOR CONSTANT WALL TEMPERATURE AND PARABOLIC VELOCITY DISTRIBUTION 
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Table 1 and Fig. 2 (which is based on Table 1) present the 
theoretical results for h,, h;, and h,, for both flat and round ducts. 
Results for h, are discussed later. 

The results in this paper do not include explicit values for the 
ratio of the temperature rise of the fluid to the initial temperature 
difference, but such values may be obtained from the relation 


hiD/k 


APPROXIMATE EQUATIONS FOR THEORETICAL RESULTS 


The range of applicability specified in the following approxima- 
tions has been determined by comparison with the complete 
results in Table 1 and Fig. 2. 

Arithmetic-Mean Temperature-Difference Basis. For round 
ducts, it is a fortunate coincidence that the single simple relation 


h,D/k = 1.615@'/* for > 10.......... [3] 


represents the theoretical results within 5 per cent for the sur- 
prisingly large range of ® indicated. This equation is shown as 
the dashed line in Fig. 1. 

For flat ducts, no simple relation as Equation [3] is available 
for such a wide range of values of # but, for very large values of ®, 
the following relation is applicable within 3 per cent 


h,D/k = 1.850'/* for > 2000............. [4] 


For sufficiently low values of , the theoretical results prac- 
tically coincide with their asymptote, so that 
® < 3 for round ducts 


.. [5] 


< 6 for flat ducts 


which represents conditions existing when all the fluid reaches the 
wall temperature. 

Inlet-Temperature-Difference Basis. 
que’s approximation (3) 


For round ducts, Lévé- 


1.615¢'/* for > 2000............ [6] 


is applicable but, for lower values of 4, it deviates from the theo- 
retical results, as indicated in Fig. 1, where it has been expressed 


in terms of h,D/k. 
For flat ducts, Lévéque’s method, applied by the authors, gives 
h,D/k = 1.8503 for @ > 400.............. [7] 


Logarithmic-Mean Temperature Difference. The entire range of 
values of @ can be covered by the following set of approximations 
with a maximum error for round ducts of 18 per cent (near @ = 
12), and for flat ducts of 17 per cent (near 6 = 70), and these 
errors always make h, too low, not too high 


For round ducts hzD/k = 1.615¢'/* for @ > 12........... [8] 
hpD/k = 366 for@<12........... [9] 
h,D/k = 1.85 for @>70.......... [10] 
h,D/k =7.60 fore <70.......... (11) 


and 
For flat ducts 
and 


For the arithmetic-mean temperature difference, the limits of ® 
in the approximations of Equations [3], [4], and [5] could be 
modified to cover the entire range of # also, but if so, the maxi- 
mum error for flat ducts would be 26 per cent instead of 17 per 
cent, and for round ducts, although the maximum error would be 
the same, it would make h, too high, not too low, which is not 
conservative for design purposes. 

Limiting Values for Local Coefficient. The local heat-transfer 
coefficient in ducts with laminar flow varies greatly with position 
in the duct (this variation is usually inappreciable in turbulent 
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flow). However, at a sufficiently long distance from the duct 
inlet (small value of ), the local heat-transfer coefficient h, ap- 
proaches asymptotically (from above) a limiting value inde- 
pendent of velocity 


where b is the distance from the duct wall to the center of the duct 
and C, is a numerical constant, depending upon the shape of the 
duct and the assumed velocity distribution, as given in Table 2. 
The physical significance of b/C; is that it represents the thickness 
of a stationary fluid film having a thermal resistance correspond- 
ing to the limiting value of h,. This thickness represents the [| 
mean distance the heat has to travel through the fluid. Table2 [_ 
shows that this thickness is about one half the distance b, from the 
wall to the center of the duct. 


TABLE 2 VALUES OF CONSTANT Ci OF EQUATION hz = or 


REPRESENTING VALUES OF LOWER LIMIT OF LOCAL HE AT- 4 
TRANSFER COEFFICIENT hz : 


Uniform Parabolic } 
velocit velocity 
distribution distribution 
Round duct; constant wall temperature............ 2.902 1.832 
Round duct; constant heat input per unit length...... ‘ 00> 2.18¢ 
Flat duct; constant wall temperature..............2. 2.474 1.906 
Flat duct; constant heat input per unit length.. 3.006 2.066 


@ Reference (1), 
b Values derived %. authors. 
© Reference (10), Bibliography. 


Limiting values of the local heat-transfer coefficient can be 
obtained by simple analysis not only for constant wall tempera- 
ture but also for constant heat input per unit length (10). The 
values for the latter condition are useful in estimating the maxi- 
mum temperature which will occur on the surface of an electri- 
cally heated duct. 

The smallness of the range of the values of C; shown in Table 2 
has practical significance, for it indicates that the values of C; for 
other duct shapes or other surface temperature distributions, not 
yet analyzed, would not be likely to depart widely from this 
range. This significance extends also to the coefficient h,, since 
the lower limit of hz can be shown to be the same as that for h,. 

No values of the local coefficient h,, other than the limiting 
value, are given here but some will be found in the literature (1). 


CoMPARISON BETWEEN LAMINAR AND TURBULENT FLOW 


A comparison of heat-transfer coefficients covering both lami- 
nar and turbulent flow in terms of the same variables is often 
desirable. One such comparison was made by Colburn (4), who | 
plotted the dimensionless quantity called the “heat-transfer 
factor” 


The heat-transfer coefficient h, was based on the logarithmic | 
mean temperature difference for the turbulent-flow data, but it 7 
was based on the arithmetic-mean temperature difference for the | 
laminar-flow data. This change of basis has certain disadval- | 
tages to be discussed later. 3 

Fig. 3 for round ducts and Fig. 4 for flat ducts show the heat | 
transfer factor j, based on the logarithmic-mean temperatu® | 
difference for both laminar and turbulent flow, as a function o! 
Reynolds’ number, as computed from the data elsewhere in ths i 
paper. 
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When the flow is definitely turbulent, the data for all fluids 
may be approximated by a single curve, as is well known. This 
was one of the original reasons for choosing j and Rp as the 
variables. This single curve is shown in Figs. 3 and 4, for values 
of Reynolds’ numbers above 2000, although often the flow may 
not be definitely turbulent unless Reynolds’ number is much 
greater than 2000. 

For laminar flow, the analytical results in terms of j and Rp are 
not correlated by a single curve unless two parameters, L/D (a 
function of the duct proportions) and cu/k (a function of the fluid 
properties) are maintained constant. Families of curved lines 
would be necessary to show completely the effects of different 
values of these parameters. Only one of these curved lines is 
shown in Figs. 3 and 4, namely, the curved line shown dotted for 
L/D = 5, and for cu/k = 0.74 (the value for air), The curved 
lines for other values of L/D and of cu/k are not shown, but 
instead are represented, as will be explained, by the two sets of 
straight lines which they approach asymptotically as limits. 

The straight lines of one set, all parallel, approximate the 
analytically exact curves for sufficiently low values of Rp; the 
lines of the other set, likewise parallel but of different slope from 
the first set, are the approximation for sufficiently high values of 
Rp (provided the flow remains laminar). For values of Rp, 
where the steeper asymptote represents the curve, the duct pro- 
portion L/D has no effect on the relation between j and Rp, so 
that the location of this asymptote varies only with cu/k, as 
indicated in Figs. 3and 4. The location of the asymptotes of the 
other set, however, varies with L/D but is unaffected by cu/k. 
For any one particular value of L/D and of cu/k, the curve of j 
versus Fp is a curved line joining the asymptote of one set to the 
asymptote of the other. This curved line is identical in shape to 
the one shown dotted and is merely transposed in position to fit 
the proper asymptotes. 

Fortunately, the maximum error introduced by ignoring the 
transition curve and using instead, for any particular case, the 
appropriate asymptote of each set up to the point of intersection 
of these two asymptotes is only 13 per cent for round ducts and 
17 per cent for flat ducts. This error can be reduced to less than 
4 per cent by estimating the location of the appropriate transition 
curve by the use of a pair of dividers. 

Both the magnitude and direction of these errors give the 
logarithmic-mean basis the same advantage over the arithmetic 
mean for the asymptotic correlations of j versus Rp, as previously 
mentioned for the asymptotic correlations of h,D/k versus ®. 
The change from one of these pairs of dimensionless variables to 
the other pair changes neither the magnitude nor direction of the 
error in the heat-transfer coefficient computed from the asymp- 
totic correlation. 

The relations between the variables j and Rp used in Figs. 3 
and 4, and h,D/k and # used for other correlations are 


For laminar flow, the equations for those asymptotes in Figs. 3 
and 4 which depend on cu/k (those applicable at low values of 
Rp) are obtained from Equations [9] and [11] by the foregoing 
relations, and are 
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.66 
: vA (round ducts, Fig. 3)........ 


The equations for the asymptotes which depend on L/D (appli- 
cable at high values of Rp, provided the flow remains laminar) 
are obtained from Equations [8] and [10] by the use of Equations 
[15] and [16], and are 


1.615 
j= (Ry) (round ducts, Fig. 3)... ... [19] 
1.850 
(flat ducts, Fig. 4)....... [20] 


~ 
The curved lines joining the asymptotes for cu/k of 0.74 and 
L/D of 5, shown dotted in Figs. 3 and 4, were obtained by the use | 
of Equations [15] and [16] and the comparatively exact relation 


between h,D/k and ® shown in Table 1 and Fig. 2. The corre- | ; 


sponding curved line joining any other two asymptotes will have 
the same shape as this dotted curve, but will be transposed, as 
previously explained. 

For completely turbulent conditions, a formula proposed by 
Colburn (4) on the basis of test data for round ducts from many 
sources, as & convenient approximation is 


§ @ (21) 


This relation is shown as the single straight line in the right-hand 
portions of Figs. 3 and 4. 


TRANSITION BETWEEN LAMINAR AND TURBULENT FLOW 


The flow may, however, be neither laminar nor completely | — 
turbulent, but of an intermediate nature, in which case the heat- | 


transfer coefficient will be between the value calculated for lami- 
nar flow and the value for turbulent flow. The range of Reyn- 
olds’ numbers covered by this transition begins not far from 4 
Reynolds number of 2300, but depends also on u,,/u, as explained 
by Colburn (4), and may extend upward as high as a Reynold 
number of 10,000 for large values of L/D, but not as high for 
smaller values of L/D. 

Unfortunately, a set of curves representing the transition from 
the curves of j versus Rp for laminar flow to the curve for com- 
pletely turbulent flow are not available for flat ducts, and for 
round ducts only the tentative empirical transition curves pr 
posed by Colburn (4) are available. The latter curves, althoug) 
themselves on the logarithmic-mean basis, were chosen to fit the 
curves for laminar flow based on the arithmetic-mean temperaturt 
difference, a procedure which, while useful as a temporary ¢ 
pedient, is not fundamentally sound. Availability of the preset 
correlation on the logarithmic-mean basis gives opportunity fors 
revised choice of these transition curves on a sounder basis. \0 — 


further consideration is given this choice here, however, since it! ~~ 


a major problem in itself, requiring both critical study of extensiv® — 
existing data and experiments to obtain additional test data, p" 
ticularly for flat ducts. 

In practical applications of the foregoing analytic results, | 
deviations from the assumptions used in the analyses require co ~ 
sideration. The likelihood and effect of deviations from constal! 
wall temperature, from constant fluid properties, and from pa | 
bolic velocity distribution are considered subsequently. Dev | 
tion from the other assumptions are generally negligible. 
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VARIATION OF WALL TEMPERATURE 


If the wall temperature is not constant, the data presented here 
do not apply, in general, but if the variation of the wall tempera- 
ture is linear, the approximation given by Equation [6] for round 
ducts remains valid for values of ® above 2000, according to 
Lévéque’s analysis (3), providing the wall temperature is taken as 


3 
tw = + 5 (hes twi) 


This same expression for ¢,, should also apply to the approxima- 
tion Equation [7] for flat ducts, for values of @ above 400, by 
reasoning similar to Lévéque’s. For lower values of &, Equation 
[22] has sometimes been used to correlate data in the absence of 
any rational or empirical basis. 

If the heat input per unit length is constant, the wall tempera- 
ture will in general be neither constant nor linear. In the limiting 
case for very small values of , however, it will become linear, and 
analysis of the heat-transfer phenomena becomes relatively sim- 
ple. The results are here expressed, however, not in terms of an 
equation for the wall-temperature variation, but in terms of the 
local heat-transfer coefficient, the significance and values of 
which have already been discussed. 


FREE CONVECTION AND VARIATION OF FLUID PROPERTIES 


The relations derived previously, assuming parabolic velocity 
distribution, do not take account of the transverse and longitudi- 
nal variation of fluid properties with temperature. The variation 
of viscosity will tend to produce nonparabolic velocity distribu- 
tion, and the variation of density will tend to produce free con- 
vection currents in large ducts at low velocities of flow. The 
change in the velocity distribution has recently been analyzed 
(11), but not its effect on the heat transfer. 

To allow both for the effects of free convection in horizontal 
round ducts and for the transverse nonuniformity of viscosity, 
Colburn (4) suggested an empirical correction factor @ which 
appears in the approximate Equation [3] as follows‘ 


h,D cGD 
= 1615| ............. 23 
where 
= (1 + 0.0156,")?. [24] 
My 


Later, Sieder and Tate (5) proposed, as an alternative to Equation 
{23], the empirical equation 


0.14 
h,D 

= 1.86 | —— 25 
kn ( kL ) 


which is equivalent to multiplying h,D/k,, from the approximate 
Equation [3] by a correction factor of 1.15 (u,,/u,)%'. The 
analytically derived equations modified by these correction fac- 
tors seem preferable to the empirical equations proposed earlier 
by King (8) and McAdams (9). 

For flat ducts, correction factors similar to those for round 
ducts are presumably appropriate, provided the proper constants 
are used. For air, the variation of viscosity with temperature is 
too small to justify evaluation of these constants from the avail- 
able test data, which are discussed later. For liquids, some sig- 
nificant data have been published by Bays and McAdams (12) 
for the heat transfer to a falling oil film which, if they were corre- 


* The coefficient of Equation [23] as published in Colburn’s paper 
(4) was 1.5, an empirical value, not 1.615, but reference to the original 


source (3) and to other authors indicates that 1.615 is the theoretically 
correct value. 
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lated by the proper theoretical relations given in this paper 
(Table 1 or Fig. 2) might indicate the proper constants for the 
correction factors. Until these constants are determined, the 
use for flat ducts of the correction factors for round ducts is 
suggested. 


NONPARABOLIC VELOCITY AT ENTRANCE 


The analytical solution for parabolic velocity distribution 
should be applicable, according to the subsequent considerations, 
even to cases where the velocity distribution at the entrance of 
the heat-transferring duct is not parabolic but uniform, except 
when the duct is extremely short. 

It is known that the velocity distribution, if initially uniform, 
gradually changes to parabolic with increasing distance from the 
entrance. In the initial part of this transition, the heat transfer 
and velocity distribution can be analyzed by the methods which 
have been established for a plane surface with fluid flowing paral- 
lel thereto (13). The correlation for a plane (14), expressed in 
terms of @ is for laminar flow 


It can also be shown that the heat transfer will in general exceed 
(or, in the limit, equal), both the value given by the formula for the 
plane (of the same length as the duct) and the value given by the 
formula for the duct with parabolic velocity distribution. Hence, 
whichever of these two formulas gives the higher value should be 
used, and even this higher value may be somewhat low. 

A reasonable choice for the value of L/D to divide short round 
ducts, where Equation [26] is preferable, from longer ducts, 
where Equation [3] or [6] is preferable, is the value where Equa- 


tion [26] and Equation [6] give the same result. It can easily be 
shown that this choice corresponds to 

L Rp 

— = 4.8 —— (for round ducts)........... 

D 8 1000 (for round ducts) [27] 


For substantially complete establishment of parabolic velocity 
distribution, the minimum value of L/D is only 35 per cent higher 
(9). 
For flat ducts, similar analysis, applied to Equations [7] and 
[26] gives 
L R 


= 2.1 — (for flat ducts)........... 
D 1000 (for flat ducts) ‘ 


Since Rp cannot usually exceed 2300 with laminar flow, Equa- 
tion [26] requires consideration only for round ducts where L/D 
is less than 11, and for flat ducts where L/D is less than 4.8, condi- 
tions which are relatively rare. 


Test Data ror Heat TRANSFER IN Fiat Ducts 


In connection with another development, the authors had occa- 
sion to test the heat transfer for laminar flow of air in relatively 
flat ducts. The ducts were 0.311 in. X 2 in. in cross section and 
6 in. long, formed by a group of parallel flat copper fins main- 
tained at approximately constant temperature. The results of 
these tests are shown in Fig. 5, Rp being calculated by using the 
viscosity of air at the mean film temperature. In the test results, 


c 
was used as 0.74, since air was used, and this value is practically 


independent of temperature. The L/D for these ducts was 11.1. 
Although they were not wide enough to be considered perfect 
“flat ducts,” the use of their equivalent diameter in L/D should 
tend to offset this discrepancy. The air was thoroughly mixed 
after leaving the duct before the temperature was measured. 
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Additional data are available from some tests conducted by G. 
L. Younts of the General Electric Company in 1936. The ducts 
were 3 in. wide and from 4 in. to 36 in. long, ranging from '/,-in. to 
1/s-in. spacing between plates. Particular precaution was taken 
to eliminate turbulence at the inlet to the ducts by using well- 
rounded approaches. The results of these tests are shown in 
Fig. 5 for an L/D ratio of 8.7, 26, and 50. Again Rp was calcu- 
lated using the viscosity of air at the mean film temperature. 
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Fie. 5 Comparison or Test Data WiTH THEORETICAL CORRELA- 
TION OF HEAT-TRANSFER FACTOR AND REYNOLDS’ NUMBER FOR 
LAMINAR FLow oF AIR IN Fiat Ducts 


Although in these tests provision was not made for thorough mix- 
ing of the air before measuring its outlet temperature, the trend 
of the results for the range of the points shown is nevertheless con- 
sistent with the theoretical curves. 

Some test data for air in flat ducts, by Washington and Marks 
(15) are in fair agreement with the theoretical curves in Fig. 5 for 
Reynolds’ number above 2000 in the laminar region. However, 
for lower values of Reynolds’ number their data droop below the 
theoretical curves. Because their technique of measuring outlet- 
air temperatures at low flows is of questionable accuracy, however, 
their data are not considered as reliable as the other test data and 
the theoretical curves given in this paper, and accordingly are not 
shown in Fig. 5. 

Some test data for falling-oil films have been published by 
Bays and McAdams (12) but require further analysis as already 
explained to determine the effect of nonparabolic velocity distri- 
bution caused by the variation of viscosity with temperature. 

The theoretical curves shown in Fig. 5 are the results for lami- 
nar flow of air as obtained from analysis as outlined in this paper. 
The agreement between the test data shown and these theoretical 
curves seems reasonably good. There is insufficient evidence, 
however, from these test data to verify completely the analytical 
curves for flat ducts. More tests, particularly for other fluids 
than air and other L/D ratios are necessary before these theo- 
retical results can be considered well established for practical 
conditions. 

For round ducts, test data are not considered here, since their 
agreement with the theoretical results has been extensively re- 
viewed by others (4, 5, 16). 


SuMMARY 
Heat-transfer data for laminar flow in both round and flat ducts 
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are presented on various bases of correlation, as specified in the 
following: 

The theoretical results, obtained under specified assumptions, 
expressing hD/k as a function of c@D?/kL are presented on three 
different temperature-difference bases (inlet difference, arith- 
metic mean, and logarithmic mean) as shown graphically in Figs, 
land 2; numerically in Table 1; and, for restricted ranges of the 
variables, by Equations [3] through [11]. Convenience in any 
particular application determines which basis is to be used. 

Theoretical lower limits of the local heat-transfer coefficient far 
from the duct entrance are presented in Table 2, both for constant 
wall temperature and for constant heat input per unit length. 

The theoretical results are also correlated, in Figs. 3 and 4, in 
terms of the heat-transfer factor j, as defined by Colburn (4), asa 
function of Reynolds’ number, using the logarithmic-mean tem- 
perature-difference basis. Figs. 3 and 4 provide a consistent and 
convenient basis for comparisons between laminar-flow and 
turbulent-flow heat-transfer data. 

Corrections to the theoretical results to account for practical 
deviations from the assumptions are reviewed. Lévéque’s correc- 
tion (3) for the variation of wall temperature is given by Equation 
[22]. The corrections for free convection and for the transverse 
variation of viscosity proposed by Colburn (4) and by Sieder and 
Tate (5) for round ducts are presented in Equations [23], [24], 
and [25]; the validity of these for flat ducts is not known. 
Equation [26] is given for the heat-transfer coefficient close to 
the duct entrance. This equation is to be used for ducts shorter 
than specified by Equations [27] and [28] if parabolic velocity 
distribution is not already established at the entrance. 

Test data for laminar flow of air in flat ducts are presented in 
Fig. 5 and seem to confirm the theoretical results, but the narrow 
range of variables covered by these test data is insufficient to 
verify completely the theoretical results. 
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Discussion 


Max Jaxos.5 One item of this valuable paper coincides with a 
calculation recently published by the writer,® i.e., the formula 
hz = C,k/b for the case of homogeneous heating of a long duct 
from outside. The writer has determined C, for an annular 
space, the thickness s = 2b of which is so small compared with the 
radius that the curvature can be neglected, i.e., for an infinitely 
extended plane duct. 

For the case of heating the conduct from one side only, whereas 
the other side is perfectly insulated, the factor 13/35 in the writ- 
er’s Equation [17]® corresponds to 1/2C; in the foregoing formula, 
so that C; = 35/26 = 1.35. 

For heating from botb sides by analogous calculation instead of 
13/35, the factor 17/70 is obtained and from this it follows C; = 
35/17 = 2.06, which is in complete agreement with the last value 
in Table 2 of the authors’ paper. 

The authors mention the effect of free convection currents. 
The writer wishes to point to an analysis’? of Holden and White’s 
experiments on a viscous liquid, which was heated from outside. 
Assuming very different distributions of velocity, we calculated 
the temperature distributions at the end of the tube, and found 
that the measured values could be explained only by the assump- 


5 Research Foundation of Armour Institute of Technology, Chi- 
cago, Ill. Mem, A.S.M.E. 

6 “Measurements of the True Temperature and the Heat Exchange 
in a Catalytic Reaction,’’ by Max Jakob, Trans. American Institute of 
Chemical Engineers, vol. 35, 1939, p. 563. 

7“OUber den Wiarmeaustausch bei der Stroémung ziher Fliissig- 
keiten in Réhren,” by Max Jakob and H. Eck, Forschung auf dem 
Gebiete des Ingenieurwesen, vol. 3, 1932, p. 121. 
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tion of radial-flow components in the liquid which were due to 
local changes of viscosity with temperature and were directed 
outward after the inlet, and inward close to the end of the tube. 


AutTHors’ CLOSURE 


The value of the constant C; supplied by Dr. Jakob for the case 
of a flat duct heated from only one side, is a useful addition to 
data provided in the paper. It is interesting to note that the 
value of 1.35 thus given for C, is about 66 per cent of the value 
2.06 applicable for heating from both sides, whereas one might 
expect at first thought that it would be nearer 50 per cent, since 
the maximum distance the heat has to travel transversely from 
the heated surface is twice as great when only one side is heated. 
The excess of 66 per cent over 50 per cent represents the influence 
of the differences in the velocity distribution, relative to the 
heated surface, for the two cases. 

The existence of radial-flow components produced by free 
convection, mentioned by Dr. Jakob, is one of the deviations 
from the theoretical assumptions which the empirical correction 
factors represented in Equations [24] and [25] are intended to 
take account of. Although quantitative knowledge of these 
components is of interest, it seems likely that the distribution of 
the free convection flow is too complex to justify analytic devia- 
tion of the correction factors, so that correction factors obtained 
empirically from heat-transfer tests will have to continue to be 
used, although improvements in accuracy may perhaps be 
obtainable. 

The use of the logarithmic-mean temperature-difference basis 
for laminar flow heat-transfer data has an additional advantage, 
over the use of the more customary arithmetic-mean basis, 
which may not be sufficiently obvious in the paper. When the 
temperature distribution of the surface is not uniform, and, in 
general, not even known, as is likely to be the case in electrically 
heated surfaces such as those of oil-cooled transformers, it is 
helpful to use a temperature difference basis (such as the logarith- 
mic mean) which makes the mean heat-transfer coefficient for 
the whole surface approach the same limit, and be of the same 
order of magnitude, as the local heat-transfer coefficient at the 
hottest part of the surface (at or near the fluid outlet). 
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Performance Characteristics of Dye Jigs 


By W. B. HEINZ, BOUND BROOK, N. J. 


Examination of the tension, speed, and power charac- 
teristics of regular and “‘tensionless”’ dye jigs shows con- 
clusively that the tensionless type maintains more 
uniform low tension in the cloth with less operator atten- 
tion. However, it is impracticable to maintain as high 
a tension as in a regular jig, in spite of the larger motor 
which must be used. Although the cost of power is at 
least twice as much as for a regular jig handling the same 
production the difference is usually not of commercial im- 
portance. The cloth speed is not constant. When rolling 
a 30-in. roll on to a 6-in. beam, the cloth speed more 
than doubles after the start. The present paper derives 
formulas which may readily be used for computing the 
performance of any jig and batch of cloth. Thus are dis- 
closed ways toward improvements in both types of jigs 
which should overcome their respective disadvantages. 
Such methods of improvement are believed to be of in- 
terest both to manufacturers and to users of dye jigs. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 


B- = width of cloth, ft 

f = total friction torque in each roll, lb-ft 

dF = radial force acting on area Bds, lb 

P = total power output of motor, ft-lb per sec 

q = driving torque, winding roll, lb-ft 

q = driving torque, unwinding roll, lb-ft 

Q = main drive torque, lb-ft 

r = instantaneous radius of winding roll, ft 

ry = instantaneous radius of unwinding roll, ft 

rn = radius of beam (empty), ft 

re = radius of roll containing entire batch, ft 

8 = circumferential distance along surface of roll, ft 

T = tension in cloth, lb 

U = time per pass (for an end to pass from one roll to the 
other), sec 

W = energy delivered to jig by motor while an entire end 
passes from one beam to the other, ft-lb 

8 = torque applied by brake to unwinding roll, lb-ft 

6 = angular measurement in cross section of roll, radians 

6 = thickness of cloth on roll, ft 

* = 3.1416 (ratio of circle circumference to its diameter) 

# = winding-roll speed, radians per sec 


unwinding-roll speed, radians per sec 


& = main-drive speed, radians per sec 
eu = conventional energy unit 

Ju = conventional force unit 

pu = conventional power unit 

fu = conventional cloth-thickness unit 


FUNDAMENTAL CONSIDERATIONS 


With few exceptions, dye jigs of today are fundamentally the 
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same as they were in the early days of the textile industry. Most 
of the improvements which have been incorporated consist al- 
most exclusively in better design and construction of the same 
simple mechanism, namely: Two sets of shafts and bearings ca- 
pable of carrying rolls of cloth, a means of driving each of them in 
turn so that the cloth will wind upon it from the other; and a 
means of preventing the unwinding roll from overrunning. It 
might be thought that nothing new could be learned about such 
a simple arrangement by a theoretical study of its mechanics. 
As it frequently happens, however, a mathematical analysis has 
been found useful because it produces quantitative information 
concerning factors which heretofore have been judged qualita- 
tively by watching machines operate. 

Not so simple is the behavior of the so-called “tensionless”’ 
jig in which both beams are driven simultaneously through a 
differential gear. Probably most users of these new machines 
have contented themselves with qualitative observations of their 
effect upon cloth speed, tension, power requirements, and final 
over-all results in quality and rate of production. They may not 
feel too certain about the actual importance of some of the 
characteristics as compared with regular jigs, nor of the actual 
amounts of such differences. 

As an early step in the development of certain fundamental 
improvements to both kinds of jigs, it was found essential to 
compare their several traits in reliable quantitative terms. The 
differentially driven jig was analyzed first, with illuminating 
results. Before these results could be compared with corre- 
sponding data for an ordinary jig, it was necessary to apply the 
same methods to the latter. 

The author hopes that the analyses and comparisons of the 
results given in this paper will stimulate new interest in the 
finishing industry. 


TENSIONLESS JIG 


The differentially driven dye jig became known as a tensionless 
jig because, among its other characteristics, it can run cloth back 
and forth through the bath with practically zero tension. How- 
ever, the brakes can be adjusted for considerable cloth tension 
also, within the practical limitations of motor power and brake 
cooling capacity. 

Although there are certain undeniable advantages in the 
differential-drive arrangement, a prospective purchaser should 
not overrate them in comparison with corresponding disadvan- 
tages. In the first place the speed is not constant, as claimed. 
A larger motor is required; and even with the larger motor, it 
cannot operate at as high tension as a regular jig because the brakes 
heat too much. Although the user may not notice it, the cost 
for power to drive tensionless jigs is more than twice what it 
would be for regular jigs doing the same work. 

A mechanical analysis provides means for computing exact 
information about advantages and disadvantages. How nearly 
constant is the cloth tension, the brake setting being left always 
the same? How much does the cloth speed change from begin- 
ning to end of each pass? What is the maximum tension that 
the jig can handle with a certain-size motor and brakes? How 
much larger will its power bill be than that of a regular jig when 
operating under prescribed tension? All these questions can be 
answered definitely by putting numbers into formulas which have 
been developed. They all follow from simple fundamentals, 
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most of which appear directly from an examination of Fig. 1. 
Symbols are explained in the nomenclature at the beginning 
of the paper. 


MOTOR AND 
REOUCER 


; SHAFT @ 


SHAFT pir FERENTIAL 
GEAR 


UNWINDING ROLL 


Fic. 1 ScHemMatic DiaGRAM OF TENSIONLESS JIG 


The Differential Gear 


The differential gear is exactly the same in principle as that 
which is used in every automobile. To simplify the analysis, 
however, most of the speed reduction is assumed to be incor- 
porated with the motor and reducer which drives the shaft a. 
In the differential gear itself, there is a 2:1 reduction such that 
the speed of the two driven beams (when turning at the same 


speed) is half the speed of the driving shaft a. At all beam 
speeds, their sum is equal to the speed of a. 
Symbolically 


This is an inherent characteristic of any differential gear with a 
2:1 ratio. 

Another inherent characteristic of this gear is that the torques 
in all three shafts are equal at all times (small differences in 
friction being neglected). 

Thus 


Torques acting on the unwinding beam are the applied torque 
of the motor, the torque caused by the cloth pulling with tension 
T at the radius r, of the unwinding roll, and the opposing torques 
of bearing and brake friction. Corresponding torques act on the 
winding beam except that its brake is not in action. These 
torques on the unwinding and winding beams are related accord- 
ing to Equations [3] and [4], respectively 


From Equations [2], [3], and [4], we find how the cloth tension 
depends upon the roll diameters 


The cloth speed rw is always equal to the peripheral speed of 
either or both rolls. 
TWO = 


Combining with Equation [1] and solving for rw, we find that 


Orr, 


[5a] 


Cloth speed = rw = 
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The torque delivered by the main drive can also be computed 


from the same equation 


The power required to drive the jig follows directly, by multi- 
plying the main-drive-shaft torque by its speed. 
Thus 


P=QQ = E + f(r + [7] 


r+nry 

The power computed from Equation [7] represents the in- 
stantaneous power delivered by the main drive. It changes 
continuously as the roll diameters change. It cannot simply 
be multiplied by the time the jig is in operation to find the energy 
consumption (kilowatthours) which fixes the power bill. The 
total energy must be computed by summing up the products of 
all of the instantaneous power readings, multiplied by the inter- 
vals of time they continue. In terms of the calculus, this is done 
by an integration 


In order to express the increment of time dt, in terms of the 
winding-roll radius r, we must find a relationship showing the 
rate at which the radius changes as the cloth progresses. This 
involves the winding-roll speed and the thickness of each wrap’ 
on the roll according to Equation [9] since, during each revolu- 
tion, the radius increases by the thickness of one extra wrap of 


cloth. The rate of change of radius with respect to time is 
dr bw 
dt 2x 
It follows that 
| 


The energy input of Equation [8] now becomes 


In order to integrate Equation [10] we must express the speed 
of the winding roll w in terms of its radius r. Since the peripheral 
speeds of the two rolls are always equal (the cloth speed), their 
rotational speeds are inversely proportional to their radii. Know- 
ing this, we can modify Equation [1] as follows 


Equation [11] expresses the winding-roll speed in terms of 
the main-drive speed and the two roll radii. However, we stil 
have to convert the radius of the unwinding roll into terms 
of the winding-roll radius. This additional relationship follows 
from a consideration of the total cross-sectional areas of the cloth 
wound on the two rolls. Since the amount of cloth in the bateh 
does not change, the sum of the cross-sectional areas on the two 


2 It has been assumed that changes in tension do not influence the 
effective thickness of the cloth as it is wound on a roll. Althoug! 
this is not strictly correct, the error thereby introduced is believed 
to-be unimportant. 


eq 


Kx 
we 


| 

a 

4 

le 

4 

cor 

I 

: 

T 

= 

| 


of 
still 
erms 
llows 
cloth 
patch 
>» two 


ve the 


jieved 


HEINZ—PERFORMANCE CHARACTERISTICS OF DYE JIGS 


rolls is constant and equal to the cross-sectional area of the total 
batch when it is wound on one roll. This gives us 


a(r,? — 7,7) + — = — 1,%).......... [12] 


From Equation [12], we obtain the relationship for the un- 
winding-roll radius which we need, in terms of the fixed radii of 
the beam and the roll carrying the entire batch, and the instan- 
taneous radius of the winding roll 


We can introduce Equations [7], [11], and [13] into Equation 
[10], and integrate to find the total energy input required to 
pass an entire batch from one roll to the other. Equation [14] 
thus gives the total energy input to the jig, the brake setting 
being left the same throughout the entire pass and the tension 
changing as it will 


2 
W = (8+ (14] 


Equation [14] gives the energy input to the jig in foot-pounds. 
This must be divided by the motor and drive efficiency and by 
2,654,000 to give the total kilowatthours input to the motor, 
from which the cost of the power can be computed. 


Time per End 

The power and energy requirements are best compared on the 
basis of equal time per end for the two types of jigs. The time 
required for a batch to pass completely from one beam to the 
other can be computed from equations derived as follows: 

The cross-sectional area of cloth on the winding roll is 


A = x(r? —1,3)............ 


By integrating Equation [9], we arrive at the following general 
equation for the winding-roll radius, applicable to both tension- 
less and regular jigs 


For a tensionless jig, on introducing the winding-roll speed of 
Equation [11], and the unwinding-roll radius of Equation [13], 
we can integrate Equation [16], arriving at 


This gives the time elapsed from the beginning of an end in terms 
of the instantaneous winding-roll radius r, its initial and final 
radii r; and rz, and a constant of integration c. 

The constant of integration is determined by considering 
conditions at the beginning of an end when the winding-roll 
radius is equal to the radius of the empty beam and the time 
elapsed is zero. We can thus introduce into Equation [17], the 
values t = 0 and r = r;. Then solving for C, the constant of 
integration, we find that 


Equation [17] now takes its complete form 
9 
t= —(¢+n—n— Vnitr —r)...... 
6Q 
When the total time per end, U, has passed, the entire batch 


has been wound upon the winding roll. Its radius is now rz. 
On substituting these two symbols into Equation [18], we have 
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the desired formula for the time required for a complete end with 
a tensionless jig 


REGULAR JIG 


The regular jig has advantages in low cost, ease and economy 
in operation and maintenance. It is simple, it has high tension 
capacity with moderate-size motor and brakes, and its power 
consumption is low. Although its cloth speed changes widely 
from beginning to end of each pass, in practice, this is probably 
of little actual importance. Most of the dyeing is said to 
take place while the cloth is padded up on the rolls, and changes 
in the time actually spent in passing through the bath do not 
have much effect upon the levelness of dyeing. 

The machine being so simple, its mechanical analysis is also 
simple. 


MOTOR AND 
REDUCER 


UNWINDING ROLL 


Fic. 2. Schematic D1aGRAM OF REGULAR JIG 
(Brake and drive for reverse direction not shown.) 


In a regular jig, Fig. 2, the tension in the cloth is that which 
is necessary to turn the unwinding roll against the friction and 
the brake torque 


The cloth speed always being the same as the peripheral speed 
of the rolls, we can write 


Cloth speed = rw = rQ@............... [21] 


Here the main-drive speed and the winding-roll speed are 
always equal, all of the gear reduction being assumed to be 
associated with the motor. 

The total power consumed is that absorbed by the brake and 
miscellaneous friction in the unwinding roll plus the friction in 
the winding roll. Multiply these torques by their respective 
roll speeds and add 


Pe (B+ fh [22] 


Since the surface-roll speeds are always equal to the cloth speed 
and to each other 


Substituting Equation [23] in Equation [22], and noting from 
Fig. 2 that the winding roll has been assumed to be directly con- 
nected to the main drive shaft (w = Q), we now arrive at the 
power equation 


P =~ + fir + 
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On the assumption that the operator succeeds in adjusting the 
brake on a regular jig so that the tension is maintained constant 
throughout the entire pass, the general energy integral develops 
according to Equation [25]. This equation represents the total 
mechanical energy consumed per end by a regular jig 


r=re 


P dt 


Time per End 


The time required for a complete end in a regular jig can be 
computed from the general Equation [16] by a procedure similar 
to that used for a tensionless jig. For a regular jig, however, 
the winding-roll speed is constant (w = 9). On this basis, the 
integration of Equation [16] is simple 


= ( 1) 
Again, substituting the symbols representing conditions at 
the completion of an end (t = U, r = rz), we quickly find that 
the time required per end for an ordinary jig is 


On comparing Equations [19] and [27], the formulas for times 
per end for tensionless and regular jigs, we note that the first 
appears to be twice the second. This simply means that if we 
want a tensionless and a regular jig to handle a certain-size batch 
in the same time we must make the driving speed 2, of the 
tensionless jig twice that of the regular jig. This observation is, 
of course, based upon the conventions relating to gear ratios 
which have been set up in Figs. 1 and 2. 

With suitable modifications, all these formulas apply equally 
well to any other gearing arrangement. 

Summarizing, comparisons between tensionless and regular 
jigs can be based upon the foregoing equations, as follows: 


——Equation no.—-—~ 
Characteristic Tensionless Regular 
[5] [20] 
[5a] [21] 
(7] [24] 
Energy consumed per end........... [14] [25] 


NUMERICAL EXAMPLES 


In order to visualize the significance of the foregoing equations, 
jigs have been selected which have beam diameters of 6in. The 
batch of cloth being handled makes a roll 30 in. in diam when 
rolled on one beam. Thus,r = 3in., re = 15in. 

In order to simplify the computations and to make the results 
as general as possible, a group of conventional units has been 
adopted. They are listed in the nomenclature at the be- 
ginning of the paper. For purposes of tension comparison, for 
example, the cloth tension when the two rolls are of equal diame- 
ter has arbitrarily been termed one ‘force unit,’’ fu. When 
the rolls are equal in size, their radius is 


r, = r = 10.81 in. 


computed from Equation [13]. 

The total frictional torque comprising bearing friction, liquid 
forces on the cloth passing through the bath, etc., has been 
assumed to be 0.1, its unit being the product of force units 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1940 


multiplied by inches (fu X in.). This amount of frictional 
torque is assumed to be associated with each roll. 

The brake torque required to create unit cloth tension under 
the conditions assumed can be computed from Equations [5] 
and [13] for a tensionless jig, its value being 8 = 21.62. 

For a regular jig, the brake torque is computed from Equation 
[20], giving 6 = Tr, —f = 10.71. 

The mechanical power input to a regular jig is defined as one 
power unit pu, when the tension is one force unit and the roll 
sizes are equal. Thus, the sum of the brake torque on the un- 
winding roll plus the friction torque on both rolls, multiplied by 
the roll speed (the same for both) equals unity 


(8 + = 1 


Substituting the previously established values for the brake 
torque and the friction, we find that the main-drive speed for a 
regular jig must be 2 = 0.0917. 

Since it is logical to compare two types of jigs upon the basis 
of equal total time per end, we note by comparing Equations 
[19] and [27] that the main-drive speed for a tensionless jig 
must be twice that for a regular jig. Consequently, for a tension- 
less jig, 2 = 0.1834. 


Cloth Tension 


Now we can substitute the foregoing values in the formulas 
which have been established, arriving at numerical formulas for 
the cloth tension in terms of the winding-roll radius. Thus, from 
Equations [5] and [13] we arrive at the following expression for 
the cloth tension in a tensionless jig 


21.6 
r+ 0/234 — 
Similarly, for a regular jig, the cloth tension is computed from 
Equations [20] and [13] to be 
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Fic. 3 Curves REPRESENTING FoRMULAS FOR CLOTH TENSION FOR 
TENSIONLESS AND REGULAR JIGS 


This illustration shows how rapidly the tension on a regular jig 
would rise toward the finish of an end if the operator did not 
loosen the brake. It is evident that no operator can be expected 
to achieve very uniform tension by periodic brake adjustments. 
If let alone, the tension would change over a range of nearly 
5 to 1; and an operator is expected to keep the tension always 
the same! 
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A tensionless jig under the computed conditions keeps the 
tension always within a total range of only 1.2 to 1. 


Cloth Speed 

The speed of the cloth is always equal to the peripheral speed 
of the winding roll. Consequently, for a tensionless jig from 
Equation [5a] we can write 
0.183 r 1/234 — r? 

r+ JV 234 — r? 


Similarly, for a regular jig, the cloth-speed equation is 


Cloth speed = rw = 


Cloth speed = rw = rQ = 0.092 r 


The cloth speeds of various roll diameters are shown in Fig. 4. 
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Evidently, the speed of cloth in a tensionless jig can change during 
an end through a range of more than 2 to 1. However, a regular 
jig is worse. Its cloth speed shifts over a range of 5tol. This 
would be an important disadvantage if it were not for the fact 
that most of the exhaust is said to take place while the cloth is 
padded up on the rolls, and not while it is actually passing 
through the bath. 

The curves of Fig. 4 were computed for equal-size batches and 
equal total times required for an end. 


Time per End 


The total time required for a complete end has, for com- 
parison, been set the same for both tensionless and regular jigs. 
Thus, from either Equation [19] or Equation [27] we find that 
U = 821. These units of time are neither seconds nor minutes, 
but instead, certain arbitrary conventional time intervals which 
involve the conventions which have been established for other 
units. For the cloth thickness there has been used the dimension 
§ = 1 cloth thickness unit, tu. 


Power 


From Equations [7] and [13], the following formula for the 
mechanical power input to a tensionless jig results 


0.1 
P= + 0.1 (r + 0/234 — 


r+ 0/234 
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A corresponding formula for power input to a regular jig from 
Equations [24] and [13] is 


+ 0.1(r + +/234 — 


In practice, the operator of a regular jig attempts to keep his 
brake adjusted so that the cloth tension stays about the same. 
Otherwise it would increase too much toward the finish of each 
end. If he were to succeed in maintaining constant tension by 
adjusting the brake, the power would be substantially propor- 
tional to the winding-roll radius. A curve showing the power 
under these conditions of assumed constant tension accompanies 
those for the foregoing two equations in Fig. 5. 

Here is illustrated the most striking difference between 
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STANT TENSION 


regular and tensionless jigs. At the time when one half the 
batch has been rolled (both rolls are the same size), the power 
required by a tensionless jig is twice that of a regular; and more 
than twice at other times. As more cloth is rolled, the operator 
of a regular jig keeps the power down by loosening the brake 
instead of allowing it to go up fast as the chart shows. With 
a tensionless jig he cannot do that without dropping off the 
tension. Consequently, the power for a tensionless jig goes on 
up at the end of the batch. That is why the brakes on a tension- 
less jig run so hot if high tension is set on the machine. 


Energy Consumption—Cost of Power 


The relative amounts of energy consumed per end for tension- 
less and regular jigs can be computed from Equations [14] and 
[25], respectively. On introducing our assumed dimensions, 
we obtain the following 


Tensionless 
2 
W = (21.6 + 0.2)(15 — 3) X . = 1640 energy units 
Regular (constant tension) 


[ous —3)+ ; (225 — »| = 685 energy units 

Thus we find that, under the conditions of our numerical 
example, a tensionless jig requires 1640/685 = 2.4 times as much 
energy input for the same production output as a regular jig 
with correctly adjusted tension. Power costs are in substantially 
the same ratio. 

In actual service, the beam and roll diameters are frequently 
different from those of the example. Corresponding numerical 
comparisons can quickly be computed for any other set of 
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conditions. Such further computations will also show that the 
tensionless jig is notably advantageous in constancy of cloth 
tension; but that the user pays for it, not only in higher initial 
cost for the machine, but also by limitations in tension capacity, 
by higher installed power demand, and by doubling his power 
bill for jig dyeing. 

There evidently is a need for improvement in dye jigs of both 
types, to overcome their respective limitations. 


Discussion 


J. D. Ropertson.? Mr. Heinz’s admirable paper gives a 
thorough mathematical analysis of the variation in cloth speed 
and cloth tension, among other operating characteristics, during 
the passage of a lot of cloth from one beam to the other, both on 
regular jigs and on so-called tensionless jigs. 

According to formula [20] of his paper, the cloth tension on 
regular jigs varies inversely with the instantaneous radius of the 
unwinding roll. For any given number of yards in a batch and 
for a constant setting of the brakes, therefore, the larger the 
diameter of the beams used the smaller will be the variation in 
cloth tension from end to end of the batch. In the same way 
Mr. Heinz’s formulas show that the variation in cloth speed is 
kept very low by using large beams. 

It may be of interest, therefore, to consider a difficulty which 
arises when the comparatively simple modification of increasing 
the diameter of the beams of regular jigs is made for the purpose 
of securing approximately constant cloth speed and tension. 

It is common experience that the larger the diameter of a roll 
of cloth on a jig beam the greater the tension required to keep it 
from ‘‘coning” or slipping endwise. This effect is independent 
of the diameter of the beams. When the character of the 
cloth being dyed does not permit heavy cloth tension large 
beams cannot be used because of this endwise slipping. 

For any given cloth tension it can be shown that the greater 
_ the diameter of the roll, the less the radial pressure between the 
outside layer of cloth and the layer immediately under it. The 
writer believes from observation that the endwise slippage of 
cloth on a large-diameter roll of cloth occurs when the radial 
pressure between adjacent layers near the outside of the roll 
drops to the point where the water carried up on the cloth fails to 
be squeezed out between the outside layer of cloth and the layer 
of cloth under it. : 

At this stage the water is carried in between the layers of 
cloth near the outside of the roll until the additional cloth rolling 
on top of it continues to build up the pressure of water to the 
degree required to force its way out at one of the ends of the roll. 
This explanation can be checked by feeling the roll with the hand 
when it is running under those conditions. The roll feels very 
spongy because of the water pocketed between the layers of 
cloth. When the pressure on the water gets high enough it 
squirts out, most of it at one end, carrying the cloth with it. 
Probably what happens is that the selvages, stretching less than 
the rest of the cloth, hold the water in until the pressure is in- 
creased to a sufficient degree to move the selvage sidewise by the 
amount of its width. This tends to open the space between the 
layers of cloth, permitting the water to rush out, and making 
the cloth much looser than it was when the water was between 
the layers. The cloth rapidly moves endwise from this stage. 

The foregoing explanation agrees with the observed fact that 
larger rolls can be run on regular jigs without coning by slowing 
them down. Less water is carried up with the cloth at the slow 
speed. 

It may also explain why so-called tensionless jigs can handle 
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larger rolls without coning than regular jigs for a given elapsed 
time per end. 

The percentage increase of cloth speed as the winding roll 
diameter increases on a regular jig of ordinary (6 to 8 in.) beam 
diameter is very substantial, carrying considerably more water 
up as the roll gets larger. The cloth speed on a tensionless jig 
in comparison is practically constant. 


AvuTHOR’s CLOSURE 


Causes of coning are numerous and difficult to isolate. Analy- 
sis of the radial pressure exerted by each lap of cloth as it winds 
onto a roll indicates that variations in this radial pressure might 
easily be partly responsible. The author would welcome corre- 
spondence from anyone whose observations tend either to confirm 
or disprove the inferences which are drawn. 

The most interesting result of this analysis is the demonstration 
that there is almost certain to be a soft region toward the center 
of a roll wound by a regular jig. If the brake setting be left con- 
stant from beginning to end of a pass, the radial compression 
starts out high, declines to some minimum value at the mid-point 
of the pass, and thereafter rises rapidly again to a high compres- 
sion at the finish. Correct adjustment of brakes by the operator 
can prevent the compression from going up again, but it is im- 
probable that this is accomplished very satisfactorily in regular 
practice. 
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Fig. 6 


With reference to Fig. 6, the normal force exerted by an incre- 
mental length of cloth ds is 


a = 27 = 27S = T d0,\b.......... (28) 


The radial pressure over the area B in width and ds in lengths 
p = dF/Bds = Tde/Brdo = T/Br, |b per sq ft... . [29] 


In a regular jig from Equations [20] and [13] the cloth tension 
at any instant with constant brake setting is the following 


B+f 
+ 


Equation [29] consequently takes the following form 


ets lb per sq ft .....-- (31 


If we put into Equations [29] and [31] the same numbers * [ 
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were previously used in numerical examples, we obtain curves 
which appear in Fig. 7. The three solid lines represent the com- 
pression created by each lap of cloth as it winds onto a roll from 
beginning to end of a pass for 6, 12, and 24-in. diameter beams, 
handling the same size batch of cloth. The brake setting in each 
case is left constant at such a value as to give the same tension at 
the mid-point of the batch for all beam sizes. 

The dotted line shows the way in which the compression at the 
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surface changes as a pass progresses if the tension in the cloth be 
always the same. Since this curve depends only upon the ex- 
ternal radius of the roll at each instant, it is not influenced by the 
diameter of the beam within the roll. Consequently, the corre- 
sponding sections of this one curve represent conditions for all 
beam sizes. 

The compression at any point within the roll (beneath the sur- 
face), of course, depends upon the cumulative effects of instan- 
taneous compression at the surface as the roll builds up, shrinkage 
within the roll from squeezing out of water, gradual compression, 
and shrinkage of the fabric itself. These influences are not sub- 
ject to any simple analysis. Their effects can only be judged by 
observation or tests in the field. 

On examining the curves for the regular jigs, one wonders about 
the probable effect of faulty tension (ordinary manual control) 
upon the stability of a roll wound upon normal size beams. The 
curves show that if the brakes be left unadjusted after the mid- 
point in a pass, there is a very pronounced minimum compression 
in the vicinity of the mid-point. The compression rises very 
steeply thereafter unless the operator promptly and. correctly 
loosens the brakes. As further winding goes on, a soft region is 
left in the roll. This region is continually subjected to higher and 
higher shear stresses as the roll radius increases, particularly if the 
tension be allowed to increase also. It is to be expected that high 
shear inside the roll might frequently cause slippage in the direc- 
tion of tighter winding there. Any slippage at all is going to 
facilitate endwise slippage; and again coning may result. 
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Successful Mechanical Atomization of 


Fuel Oil Heavier Than Bunker C 


By G. G. MARTINSON,' MARCUS HOOK, PA. 


The purpose of this paper is to report the difficulties en- 
countered and their successful solution when burning a 
heavy-petroleum cracking-still residue as a fuel in com- 
bination pulverized-coal and fuel-oil burners for the boil- 
ers of the American Viscose Company powerhouse at its 
Marcus Hook plant. Though the problems involved were 
comparatively simple, the development of a burner ar- 
rangement to achieve a solution and the results obtained 
may be of value to the designers and operators of boilers 
who are in search of both flexible and efficient combination 
firing equipment for pulverized coal and fuel oil in boiler 
plants. 


QUIPMENT of the boiler plant of the American Viscose 
Company at Marcus Hook consists of three boilers of 

} C.E. type fin-tube waterwall-furnace construction, each 
_ having a maximum steam output of 150,000 lb per hr at 425 psi 
_ and 700 F total temperature. Fig. 1 shows @ side view in cross 
_ section of one of these boilers. The furnaces, of the dry-bottom 


; type, have a volume of 7000 cu ft and a waterwall surface of 2300 


Steam from the boilers is used to drive three 3000-kw 
Some of 


sq ft. 
turbogenerators and three 2000-kw turbogenerators. 


_ the steam is extracted from the turbines at 175 psi and some at 


20 psi for plant process duty. 

Each boiler is equipped with four Lo-Pul-Co type C.E. com- 
bination burners for oil and pulverized-coal firing, the general 
arrangement being shown in Fig. 2. When firing pulverized coal, 
| the fuel is mixed with tempered primary air at the pulverizers and 
delivered through the center pipe of the burner assembly, while 
secondary air is forced through the air preheater by a forced- 

draft fan and delivered to the burner assembly outside of the 

pulverized-coal pipe. Control of the secondary air is accom- 

plished by regulating the register shown in Fig. 2 and the speed 
‘ of the forced-draft fan. Primary-air fans are direct-connected 
( to the bow]l-mill motors and, therefore, when using oil as fuel for 
) these furnaces, no primary air is delivered through the coal pipe, 
| combustion depending entirely upon the mixture of the fuel oil 
and secondary air supplied in the manner described. 
; Control of the firing rate of each of these units is completely 
| automatic for both types of firing equipment and, after setting 
» the proper air-fuel ratio for the type of fuel used, the controls 
| maintain this ratio automatically within close limits throughout 
the range of the controls. An increase in steam demand causes 
» the controls to increase the air supplied to the burners before in- 
) ‘reasing the fuel supply and, with a decrease in load, the fuel 
supply is decreased before the air supply is reduced. This cycle 
> of operations is very effective in preventing smoke when changes 
in load occur. 
The proximity of the plants of the American Viscose Company 
> and the Sinclair Refining Company made the direct delivery of 
| heavy fuel oil by pipe line from the latter to the former a rather 
if ‘ Fuel Engineer, Sinclair Refining Company. Jun. A.S.M.E. 
) , Contributed by the Fuels Division and presented at the Spring 
> Meeting, Worcester, Mass., May 1-3, 1940, of THe AMERICAN 
@octery or MecuanicaL ENGINEERS. 


Note: Statements and opinions advanced in papers are to be un- 
erstood as individual expressions of their authors, and not those of 


the Society, 


simple problem. Fig. 3 shows a flow diagram of the manner in 
which this heavy fuel oil is measured and delivered to the con- 
sumer’s burners without the heat loss attendant upon other meth- 
ods of fuel-oil delivery, such as tank-car and barge deliveries. 
The refinery delivers this heavy fuel oil to the supply tank shown 
in Fig. 3 at a temperature about equal to the optimum tempera- 
ture at which the oil is most readily atomized. Therefore, in 
order to have the fuel oil at the correct temperature for atomiza- 
tion at the burners in the Viscose plant, it is only necessary for 
the consumer to supply the heat lost in the oil delivery line. 


DirricuLties ENCOUNTERED IN Firminc WitTH ORIGINAL 
EQuIPpMENT 


The original oil burners and burner assemblies gave unsatisfac- 
tory results because the atomized fuel oil and the air required for 
combustion were not properly mixed. This condition caused the 
atomized-oil streams to impinge upon the side-wall tubes of the 
furnace where the oil distilled and the residue formed a coke de- 
posit which kept building up in size until the weight of the mass 
of coke overcame its adhesive powers and the entire mass fell onto 
the screen tubes across the bottom of the furnace. Some of these 
blocks of coke were heavy enough to bow the floor screen tubes 
slightly. 

Fig. 2 shows the combination burner and air register in cross 
section with the normal angle of atomized-oil spray from the 
standard mechanical atomizer and illustrates the relative posi- 
tions of the air and oil streams. In this illustration the oil 
burner is shown withdrawn to the greatest possible extent without 
impingement of the oil on the nozzle of the coal pipe. It can be 
readily noted that the flame in this position fails to fill the throat 
and, since the stream of air leaving the secondary-air passage is 
“barreling,”’ there is little mixing of the air and fuel except at the 
outside of the oil-flame cone. Therefore, a considerable portion 
of the air introduced into the furnace in this manner is not ef- 
ficiently utilized in combustion and, although excess air exists in 
the furnace, smoke and soot fill the firebox and boiler setting. 

Steam atomizing oil burners with the tips drilled to give ap- 
proximately the same included angle of flame cone as that pro- 
duced by the mechanical atomizing burner tips were tried and 
produced only slightly better results than the mechanical atom- 
izers. Experimental work was carried out with steam atomizing 
oil-burner tips with various drillings; it developed that a tip 
drilled to give a flame included angle of about 120 deg produced 
the best results. With this tip, the flame could be pulled back 
into the throat, without impinging on the coal-pipe nozzle, 
thereby forcing the air into the flame and resulting in good mix- 
ture of the fuel oil and the air required for combustion. The 
amount of steam consumed by the steam atomizers, while prob- 
ably in line with the steam consumption of other modern steam 
atomizing oil burners, was considered to be an unnecessary loss. 
Therefore, a further solution to the problem, using mechanical 
atomizing oil-burner tips, was sought. 


DesiGn, INSTALLATION, AND OPERATION OF REGISTER 


Since the normal mechanical atomizing oil burner gives a flame 
cone with an included angle of about 75 to 85 deg, which experi- 
ence with steam atomizing burner tips had proved to be too 
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narrow, it was deemed advisable to change the manner in which 
the air was introduced into the furnace in an effort to mix the com- 
bustion air properly with the fuel oil. Another important reason 
for the decision regarding the air introduction was the fact that 
firing conditions using pulverized coal as the fuel were very good 
and it was felt that a change in air introduction would have less 
effect upon coal-burning characteristics than a change in the coal 
nozzle. The coal nozzle could, of course, be shortened to the 
extent of permitting the oil burner to be withdrawn far enough 
to enable its normal flame included angle to fill the throat of the 
burner. However, this procedure would undoubtedly disrupt the 
coal-burning characteristics of the burner assembly. 

To direct the air stream into the flame produced by the stand- 
ard mechanical atomizing oil burner, an assembly of 24 fixed 
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vanes was made into a circular register, fitting between the coal 
t nozzle and the refractory throat of the burner assembly, and 
_ Placed at the furnace inlet of the secondary-air supply. Fig. 4, 
4 although it shows a cross section of the burner assembly fitted 
: with a movable-vane register, indicates the position of the regis- 
_ ters of both the fixed type and the movable-vane type which was 
developed later. The vanes of the fixed register were arbitrarily 
_ Stat an angle of 45 deg to the face of the burner assembly as it 
_ Was thought that this setting would be sufficiently accurate to 
| determine definitely the feasibility of this method of mixing the 
_ 4 and fuel oil more effectively. The shroud around the outer 
: ends of the vanes was formed to produce a constriction on the air 
stream by making the outlet diameter smaller than the inlet and, 


thereby, to assist in obtaining a good mixture of fuel oil and air. 

Tests were made, using these fixed-vane registers under actual 
firing conditions, which indicated that the angle chosen for the 
vanes had been too great for any normal load on these furnaces. 
Under light loads, the fire had an excellent appearance, all of the 
fuel oil being consumed completely within a short distance of the 
burner tip but, as the load was increased and the fuel-oil and air 
quantities increased, the flame was torn apart and a “sunflower’’ 
appearance of the flame became very noticeable. There was a 
short solid flame for about 3 ft from the burner tip, then flame 
propagation was apparently too slow for the speed of the com- 
bined air-and-oil-stream mixture and no flame was apparent for 
the next 4 or 5 ft of travel, after which ignition again took place 
and combustion was completed. 

One of the surprising features of the test was that the flame 
produced, even though of such unorthodox shape, was remarkably 
stable and gave no indications of “puffing” or “backfiring.”’ 
Since the direction and rotation of the air by the fixed-vane regis- 
ter caused the flame to flare out into the sunflower shape, it is 
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kic.4 Movasie-Vane Arr REGISTER FITTED TO ORIGINAL BURNER 
ASSEMBLY 


obvious that there was no real length of flame extending into the 
furnace and most of the heat was concentrated on the front wall. 


DEVELOPMENT OF MovaBLeE-VANE AIR REGISTER AND ITs 
OPERATION 


The logical procedure from this point was to develop a mov- 
able-vane register which could be controlled from the firing floor 
of the boiler room, varying the position of the vanes with changes 
in load sufficiently great to require their readjustment. The 
register shown in Fig. 4 was designed with movable vanes located 
in about the same position in the burner assembly as the fixed 
vanes had been in the previous test. Each of the movable vanes 
was connected to a control ring by a small lug welded to the 
corner of the vane and riding in a slot in the control ring. This 
control ring was connected, through suitable linkage, to a rod 
which extended through the front plate of the burner assembly, 
terminating in a handle by which the vanes could be adjusted 
while the burner was in operation and could also be locked in a 
given position. 

After the movable-vane air registers had been constructed and 
installed, a test was made to determine their characteristics using 
oil as the fuel and varying the load on the boiler within limits 
allowed by plant operations. Some difficulties were encountered 
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in the operation of the movable vanes of the register, chiefly due 
to the expansion of the 18-8 chrome-nickel alloy from which the 
vanes had been made. Greater clearances were given to the 
vanes and their bearing supports and no further problems arose 
from that source. 

Further tests indicated that a position of the vanes, suitable 
for normal load swings, was about ?/; open at about 80 per cent 
maximum output of the boiler. Decreasing the load on the 
boiler more than approximately 15 per cent required the closing 
of the vanes of the register proportionately and vice versa. 
Firing conditions on oil were considered satisfactory as combus- 
tion was complete and the flame shape and length could be con-, 
trolled by the adjustment of the movable-vane air registers. 

The characteristics of the revamped burner assembly had not 
been determined with pulverized coal and tests were therefore 
started to investigate the firing conditions with that type of fuel. 
As previously mentioned, the secondary-air stream from the 
original burner assembly entered the furnace in approximately a 
hollow rotating cylinder form or “barrel.’”’ This air-stream 
shape had been disrupted and changed in both direction and 
shape by the addition of the movable-vane air register at the 
secondary-air outlet. Tests made with coal as the fuel and the 
movable-vane register in the air stream were generally unsatis- 
factory as the register in the wide-open position seemed to take 
any rotational effect out of the secondary air that had been im- 
parted to it by the register of the original equipment, causing an 
unstable flame condition. If the movable vanes of the added air 
register were partially closed, the flame was also unstable and 
ignition was difficult to maintain. 

A proposal was made that deflectors be installed in the pul- 
verized-coal pipe to direct the pulverized coal and primary-air 
stream toward the secondary-air stream in a manner similar to 
the shape of the atomized-oil stream. It is believed that this 
would have overcome the unsatisfactory coal-burning charac- 
teristics of the movable-vane register, but the idea was tabled in 
favor of further consideration of the original equipment using 
mechanical atomizing oil burners of another make in place of the 
burners originally supplied. 

Sinclair engineers had definitely established the fact that the 
heavy fuel oil supplied by the refinery could be efficiently burned 
as fuel in the Viscose plant, even though the furnaces were com- 
pletely water-cooled and the resultant furnace temperatures were 
comparatively low. 

In seeking an adequate solution, another manufacturer was 
permitted to demonstrate a different type of mechanical atom- 
izer. This burner manufacturer had had considerable experience 
with mechanical atomization of fuel oil in marine boiler furnaces 
and it was felt that engineers of the company might suggest a 
solution to the problem based on previous experience. Tests 
were made under the direction of two engineers, using this com- 
pany’s mechanical atomizers in the original burner assemblies, 
both with and without additional deflectors placed on the oil- 
burner guide pipes. These deflectors could be moved in or out 
along the oil-burner guide pipes. However, changing the posi- 
tion of the deflectors seemed to have but little effect on the fires, 
since no primary air passes through the coal pipes on oil firing 
and the deflectors could have no effect on the secondary-air 
streams. 

Because of the fact that the mechanical atomizers used were 
more or less of the conventional type with the usual included 
angle of flame cone of about 75 deg, the results obtained from 
tests of these burners were similar to those obtained on the origi- 
nal mechanical atomizers. When using the atomizers of the 
second manufacturer, it was impossible to get more than a slight 
mix between the fuel oil and air and, consequently, a very smoky 
unsatisfactory condition existed in the furnace. The basic 
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problem of mixing the air from the burner register, as installed es 
originally, with the fuel-oil streams from the mechanical atomiz- w 
ing burner tips was still unsolved. in 

Wipe-ANGLE Tri-Tip MECHANICAL ATOMIZER SUCCESSFUL 
While the foregoing tests were being made, one of the Sinclair wi 
engineers had been searching for a mechanical atomizer which ti} 
would produce a wide angle of spray. A mechanical atomizing fle 
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burner tip was located which had been developed for steel-mil | yot | 
purposes. This tip consisted of three atomizers set in a single | ohg, 
burner head in the manner shown in Fig. 5. The included angle chan 
of flame cone that would be produced by this arrangement W | hegy 
apparently about 120 deg. Judging from previous satisfactor) | 
results obtained with wide-angle steam atomizing tips, it W% | — Speci 
assumed that the wide-angle mechanical atomizer would be suc- ) Visco 
cessful. Four of these burner heads were immediately ordered, | Pour 
each containing three atomizing tips of a size estimated as corre! | — A 
for the normal load conditions. F 
Preliminary tests of these burners upon their arrival indicated | a 
that they would be entirely satisfactory, except for size, as the SU 
included angle of spray was such as to produce the proper air-fue- Py *ter 
oil mixture. The atomizers of the original installation were 1 | mien 
large for the load requirements, which resulted in a lower pre oil th 
sure on the fuel oil to the burners than that required to give the ni ; 
best atomization. However, the tests that had been made the . 
showed sufficient promise to warrant the purchase of additions a th a 
burner heads of this type to complete the installation on all 0 * 
the boilers. 
Atomizers of several sizes were ordered, the range in size msk- ‘ 
ing it possible to have all four burners of the boiler furnace™ >> In | 
operation producing a balanced firing condition and an ev oa 


distribution of heat in the furnace. Normal changes in load #* : 
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easily taken care of by the range of the oil pressure to the burner, 
while the large changes, such as occasionally occur due to start- 
ing up or shutting down portions of the plant, can be taken care of 
in a few minutes by changing the atomizer tips. 

In the operation of these burner tips, flame propagation begins 
within 1 or 2 in. of each of the atomizers but, 6 or 8 in. from the 
tip, the three streams lose their identity and become one large 
flame issuing from the burner throat. Because of the wide angle 
of the combined atomized-oil sprays from these burner tips, the 
burner can be withdrawn to a point where the fire completely 
fills the throat without danger of impingement of the oil spray on 
the coal nozzle of the burner assembly. Thus, the atomized-oil 
spray is forced into the secondary-air stream, as shown in Fig. 6, 
and complete combustion takes place with little excess air. Fir- 
ing conditions are good and the complete operation of these fur- 
naces on heavy fuel oil is entirely satisfactory. 

These furnaces have been operated for more than 15 months 
using heavy oil as fuel, and the costs of steam and power pro- 
duced during this operating period compare very favorably with 
those obtained while burning pulverized coal. Additional ad- 
vantages, not included in the cost statement but important to the 
operator, are the ease of handling and over-all plant cleanliness 
of the oil-firing operation. 


AUTOMATIC CONTROL SATISFACTORY FOR Heavy OIL 


Very few problems have arisen on the control system used in 
connection with the firing of heavy fuel oil. The controls vary 
the amount of fuel oil and air to the burners in response to load 
changes on the boiler, maintaining the fuel-oil-air ratio set on the 
master control throughout the range of the control. The fuel- 
air ratio is manually set for the best combustion on any particular 
load and the proper ratio is then maintained by the control. A 
pilot or measuring valve in the fuel-oil line to the boiler burners 


_ actuates suitable equipment to damp the action of the control 


valve in the same line and, thereby, smooths out the flow of oil to 
the burners. This pilot valve as originally installed was of the 


_ piston-type and the heavy-oil fuel had a tendency to stick the 


piston, making the control sluggish. To remedy this condition, 
a diaphragm-type valve was substituted. 


PuysicaL PRopERTIES OF FuEL OIL 


The heavy fuel oil mentioned in this paper is a residuum prod- 
uct of a petroleum-refinery-cracking process and, as such, the 
characteristics of the oil may vary slightly from time to time with 
changes in operation. Representative characteristics of this 
heavy fuel oil may be listed as follows: 


Specific 1.014 Flash point, F......... 250 
B.S.&W., centrifuge, per cent .0.50 Sediment, per cent..... 0.05 
Viscosity, Furol at 122 F...... 800-1400 Weight, lb per gal...... 8.45 


A temperature of approximately 275 F has been found satis- 


» factory to reduce the viscosity of the oil to about 20 Furol, or 150 


S.8.U. At this viscosity, the oil is readily atomized and its char- 
acteristics are such that the viscosity at the firing temperature 
is about the same, whether the Furol viscosity at 122 F is 800 or 
1400. The carbon-hydrogen ratio is greater for the heavy fuel 


j oil than it is for the lighter oils, consequently, the advantage of the 
> heavy fuel lies not only in the additional heat obtained from 


the carbon but also in the proportionate reduction of loss from 
the formation of water vapor. 


Discussion or ConpITIONS AND RESULTS 


Ih general, combination burner assemblies are of incorrect de- 


> Sign for the efficient combustion of all the fuels included in the 
} Combination. The apparent practice, in the East, has been to 


design for pulverized-coal firing and to fit in accommodations for 
some other fuel, such as oil, in the easiest manner possible and 
with little regard for resultant operating conditions. The true 
combination burner assembly should handle all fuels intended 
for it in an equally efficient manner. Such an assembly cannot 
be designed without a complete knowledge of the characteristics 
of all the fuels and burner equipment proposed for a particular 
installation. Since this information may not be available to the 
designer and since there are many installations of improperly 
designed combination burner assemblies in operation at the pres- 
ent time, it would be advisable, where one of the fuels used is oil, 
for the designer or operator to investigate the possible advan- 
tages in using a multiple-tip mechanical atomizing oil burner in 
his original burner assembly. 

The number of atomizers per burner head is not limited to 
three, nor is the included angle of spray from the tip limited to 
120 deg. These conditions were found satisfactory for the in- 
stallation reported in this paper, but another installation might 
require five or six atomizers, or more, per burner head and a 
much greater included angle of spray than the 120 deg used in 
the Viscose installation. It would appear possible, where faulty 
air distribution around the burner is inherent in the burner as- 
sembly, to improve over-all combustion by the selection of proper- 
sized atomizers and face angles to alleviate this condition to a 
considerable extent. 

Satisfactory combustion of heavy fuel oils, using mechanical 
atomizing oil burners, can be readily accomplished when the 
proper equipment is available for heating, atomizing, and mixing 
the oil and combustion air. The additional cost of this equip- 
ment over that required for steam atomizing oil burners can usu- 
ally be justified on steam saving alone. 


CONCLUSION 


The results obtained in this investigation and herein reported 
have definitely shown that it is not only possible, but practical 
and economical, to burn heavy petroleum oils in properly de- 
signed combination coal-and-oil burners, using mechanical atomi- 
zation under automatic control, in completely water-cooled 
furnaces. 
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Discussion 


J. M. Gotpsten.? Briefly, the paper relates to the operating 
difficulties encountered in an oil-burning power plant using fuel 
oil heavier than bunker C. Here particular difficulty was expe- 
rienced in the building up of coke deposits on the side-wall tubes 
of the furnace, as after a time these coke deposits fell to the bot- 
tom screen tubes. After experimenting with different burner 
tips and various methods of air introduction, the tri-tip head 
was used successfully to eliminate the coke deposits building up 
on the side-wall tubes. 

In analyzing the type of oil spray that is obtained with the 
tri-tip head, it appears that the outside cone consists of a much 
finer spray than that on the inside of the cone; i.e., the oil par- 
ticles nearest the center of the head from each tip wi!] meet and 
the resultant oil particle will become larger and more difficult to 
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burn completely. Close observation will show decidedly black 
streaks of unburned oil near the center of the oil fire, with the re- 
sult that carbon deposits will accumulate on the upper tubes, and 
there will be excess heat losses due to unburned gaseous hydro- 
carbons. However, finer atomization on the outside of the flame 
cone will aid combustion nearest the side-wall tubes, and thus 
eliminate the difficulty due to coke deposits building up on these 
tubes. 

The use of a specially designed atomizer head to produce a fine 
oil spray of the desired angle represents, however, only one im- 
portant factor in obtaining clean, efficient combustion. In order 
to obtain satisfactory operating results in the burning of heavy 
fuel oil with mechanical atomizers, other important factors in 
addition to atomization are oil-air intermixture, combustion 
process, and combustion atmosphere. 

In breaking up the oil into a very fine spray with the mechani- 
cal atomizer, the control of the process can be regulated to some 
extent by adjustment of the oil pressure and temperature. It 
is desirable that the oil particle, when projected in suspension, 
should not come in contact with either solid surfaces or other oil 
particles. However, in the case of some heavier bunker oils, 
atomization will be poor in spite of the fact that oil temperatures 
and pressures are adjusted over the entire operating range as 
recommended for the fuel and oil burner. Inherent characteris- 
tics of the fuel itself will affect the quality of atomization. Heavy 
bunker oils, which are residual fuels, are subject to change in con- 
tent and characteristics from time to time, and require constant 
attention to maintain best operation. 

A proper oil-air intermixture depends upon the quantity, di- 
rection, and velocity of the air supplied in relation to the oil spray. 
Each oil particle should be completely surrounded by air to pro- 
mote oxidation of the hydrocarbons. Regulation of the oxida- 
tion process will control combustion so that it is neither too rapid 
nor too slow, thereby greatly diminishing the ‘‘cracking’’ or 
thermal decomposition of the oil particle. 

When combustion takes place due to the oil-air intermixture, 
a combustion atmosphere is created in the furnace. Since the 
air used for combustion is subject to change due to temperature, 
humidity, and contamination, it follows that proper combustion 
is also a function of a proper quality of air supply. 

The common practice of sampling fuel oils in a laboratory for 
analysis and burning characteristics has proved inadequate. For 
example, good ignition characteristics and balanced distillation 
are important factors affecting combustion. Then again, fuel 
oil, after leaving the refinery, is subject to contamination in 
transportation, storage, and handling, which also affects atomi- 
zation and combustion. 

Again referring to the paper, it is shown that the fuel oil is 
transported by pipe line from the refinery to the power plant with 
small loss in temperature; also that the boilers are of waterwall- 
furnace construction. These conditions are unusually favorable 
for oil burning, and are the exception rather than the rule. For 
instance, in most installations fuel oil is delivered either in tank 
trucks or barges and, as mentioned, becomes subject to contami- 
nation which in turn increases the difficulties in burning. In 
many cases, refractory material is used in combustion chambers, 
with and without facilities for cooling. The presence of non- 
combustibles in the oil, such as natural salts, chemicals used in the 
refinery operations, scale, and dirt will cause rapid deterioration of 
the refractory materials, particularly at high combustion-chamber 
temperature. 

The mechanical atomization of heavy bunker oils is a problem 
which has confronted engineers in charge of every type of instal- 
lation used for heating and processing. In many plants, high- 
pressure steam for steam atomization is not available, which auto- 
matically eliminates this method of solving combustion problems. 
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Methods must be provided to control within limits the variable 
factors which affect atomization and combustion. Recent tests 
with the use of a chemical oil conditioner to improve the atomi- 
zation and combustion of light and heavy fuel oils have resulted 
in the solution of many common difficulties encountered in oil 
burning. 

A recent troublesome installation, similar to the case cited, 
where carbon deposits formed in the furnace, was in an apartment 
building in New York City, where a rotary-type oil burner using 
bunker C oil had been installed in a low-pressure fire-tube boiler 
several years ago. The combustion chamber was built of stand- 
ard firebrick, and was too short and too narrow for the size of the 
boiler. A dutch oven was recommended but not installed. 

The oil fire impinged somewhat on the side walls but much 
more on the rear wall of the combustion chamber. During the 
several years that the burner was in operation, the quantity o/ 
carbon deposits which accumulated on the walls of the chamber 
and in the fire-tubes over a 30-day period was not excessive or 
bothersome. However, by the fall of 1939, the carbon deposits 
on the rear wall of the chamber became excessive and required 
removal every two hours when the burner was in operation. Oil 
temperature and pressure were changed, primary- and secondary- 
air adjustments were regulated, and even the oil supplier was 
changed, but the carbon deposits kept building up. The oil- 
burning system was reset for normal operation, using the same 
bunker oil, and “chemical conditioning” was applied. Now for 
the last several months, in spite of continued flame impingement 
on the walls, carbon deposits have been eliminated, and trouble- 
free, efficient operation has been maintained. 

Another interesting case is the conversion of several coal-burn- 
ing boilers to oil burning by a public-utility company. The 
bunker oil used is a by-product of the gas-making division of this 
company, and a standard-make mechanical-atomizing oil-bur- 
ing system was installed and operated in accordance with the 
manufacturer’s instructions. Difficulties encountered were high 
furnace temperature and melting of the refractory material in 
the combustion chamber at normal overloads. There was no 
flame impingement, fires were sparky, and there were complaints 
of smoke nuisance when a boiler was put on the line. Changes 
were made in the type of burner tips, design of the combustion 


chamber, air delivery, and quality of firebrick, but operation was 
only slightly improved. As a further remedy, this heavy-re- 


siduum bunker oil is now treated so that its specifications ar [ 
equivalent to or better than a commercial bunker C fuel oil. 


Further experimentation is being carried on by the company éh- 


gineers in cooperation with the equipment engineers to burn this ; 


residuum by-product successfully, without the necessity of this 
expensive treatment. 


In view of the fact that in recent years revolutionary new cats 7 
lytic processes have been developed in petroleum refining, a0! F 


since bunker oils are thereby subject to change, it may prove 
difficult to design a mechanical atomizer which will function ¢ 
ficiently with all grades of bunker oils under all conditions. Whee 
mechanical changes fail to solve oil-burning problems, the chem 


cal-conditioning method may prove economically sound and at F 


vantageous. The consumer of fuel oil and his staff should seek F 
the cooperation of the oil supplier and equipment manufacture! 


and in addition, the impartial advice of the combustion specialist. FF 


R. C. Vroom.? The paper emphasizes the desirability of it 
stalling suitable combined burners initially, when it is possible 
that future requirements may make it necessary to burn 4 liquid 
or gaseous fuel instead of a pulverized fuel or vice versa. The 
writer feels, however, that the paper may have created an impre* 

?Chief Engineer, Peabody Engineering Corporation. Me" 
A:S.M.E. 
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sion which surely was not intended, i.e., prior to the experimental 
program which the author describes, there were not available suit- 
able combined burners, nor atomizers, of the mechanical type 
which could handle liquid fuels heavier than bunker C. 

For nearly 15 years the company with which the writer is con- 
nected has been building combined burners for liquid, gaseous, 
and pulverized fuels varying in capacity from 15 to 150 million 
Btu per hr liberation each. They have been described in papers 
presented before the A.S.M.E. and a typical burner is illustraied 
in Fig. 7 of this discussion. These burners are designed to meet 
and do meet combustion guarantees which are in every respect 
competitive, and no difficulty is experienced in burning individu- 
ally any of the fuels which the burner is designed to handle, nor 
in changing from one fuel to another without loss in steaming 
capacity. They are successfully firing, in many of the well- 
known steam plants in this country, in units varying in capacity 
from 20,000 to 500,000 Ib of steam per hr each. 

In connection with mechanical atomizers for heavy liquid fuels, 
the writer spent about 6 weeks in Louisiana 10 years ago running 
tests with such atomizers on all sorts of refinery-waste fuels. 
These included not only neutral fuels but acid and alkaline 
sludges, which are far from homogeneous, may contain various 
quantities of water, and tend to precipitate solids. As a result 
of these tests, mechanical atomizing liquid-fuel burners were in- 
stalled in a new utility plant which was to use the waste fuels 
purchased from the refinery and in turn supply the refinery with 
process steam. In addition to the waste liquid fuels, it was nec- 
essary to burn petroleum coke from the refinery and also natural 
gas to make up the deficiency between the available waste fuels 
and the total fuel requirements. 

The initial installation comprised four boilers, each to produce 
350,000 Ib of steam at 600 psi and 750 F temperature. Two of 
these boilers were equipped with 18 burners each, for liquid 
and gaseous fuels, and two with 15 such burners, and also two 
burners for handling the pulverized coke. More recent exten- 
sions have employed a smaller number of higher-capacity burners 
perboiler. There are several other plants which over a number of 
years have successfully employed mechanical atomizers for firing 
high-capacity boilers with such fuels, and also plants in which 
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CoMBINATION BuRNER DESIGNED TO BuRN PULVERIZED Gas, AND O1L 


heavy residual fuels and tars with melting points of 300 F or over 
are being handled. In addition, of course, there are hundreds of 
combined burners in use where the liquid fuel is ordinarily bunker 
C. 


T. H. Waker.‘ The design of combination burners to fire 
pulverized coal and oil, or coal, oil, and gas has been given con- 
siderable study, since economic conditions or character of plant 
load often justify their use. As pointed out-in this paper, such 
burners should handle all fuels equally well, i.e., without operat- 
ing difficulties or smoke nuisance, and with combustion efficien- 
cies corresponding to best practice for each fuel. Usually the 
change from one fuel to another must be made without shutting 
down the unit and sometimes two fuels must be burned together; 
therefore, no device can be added which will improve operation 
with one fuel at the expense of that with another. 

It has been and to some extent still is the practice with oil- 
and-gas firing to use a number of small burners. This assists in 
the utilization of all the furnace volume, reduces the flame length, 
and to some extent simplifies the problem of introducing the cor- 
rect amount of air at the proper place, since the flames tend to be 
mutually sustaining and the burners are close enough to each 
other so that a slight excess of air from one burner may tend to 
compensate for a deficiency in another. Also, wide-range opera- 
tion can be obtained by shutting down some burners and operat- 
ing others at approximately their design velocities. 

Pulverized-fuel burners for the same steam delivery must be 
fewer and larger because no satisfactory means has yet been de- 
vised for splitting a coal-air mixture into many small streams at 
the same pressure and air-coal ratio; the use of many small mills 
would be complicated and expensive. Thus the individual burn- 
ers must be capable of handling a wider load range. Thorough 
mixing of fuel and air as they enter the furnace, a minimum of 
excess air, and stability of ignition are essential. In combination 
burners these objectives must be accomplished with fuels of quite 
different physical characteristics, since the volume of coal-air 
mixture is greater than that of either oil or gas. The coal is 


4 Combustion Engineering Company, Inc. 
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carried to the burner by a quantity of air which often is a sizable 
proportion of that required for combustion and, hence, requires 
less secondary air. In burners of the type under discussion where 
furnace turbulence must be obtained by the use of a turbulent air 
stream, the fuels must be introduced concentrically, and the 
necessity for a rather large coal-air nozzle, as compared with the 
size of oil or gas burners, moves the latter further away from this 
turbulent air stream than would be the case in similar burners 
designed for oil or gas only. 

With these considerations in mind, the solution which the 
author describes is interesting. The advantage of the tri-tip 
burner lies in its ability to provide a wide-angle spray which can 
be directed into the secondary-air stream, thus accomplishing 
more thorough mixing of fuel and air than the conventional single- 
jet atomizer. 


AvuTHOR’s CLosURE 


Mr. Goldstein’s observations regarding the oil spray obtained 
with the tri-tip burner head apparently did not take into account 
the action of the turbulent-combustion air stream on the oil 
spray from this type burner head. An intimate mix is obtained 
between combustion air and the atomized fuel oil, as reported in 
the paper, and observation of the fires, from any of the furnace 
observation ports, reveals no black streaks of unburned oil in 
the center, or at any other portion of the flame. These boilers 
were recently shut down for internal inspection and no appreci- 
able deposits were found in the furnaces or flue gas passages. 
This would appear to be a further indication of complete con- 
sumption of the carbon in the fuel oil. This writer’s discussion 
also states that the waterwall-furnace construction of these 
boilers is unusually favorable for oil burning. It is felt that most 
authorities agree that fuel oil requires a higher furnace tempera- 
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ture for good combustion conditions than other fuels, i-e., pul- 
verized coal or gas. Furthermore, furnaces designed primarily 
for fuel-oil firing usually contain more refractory, to maintain a 
higher temperature, than those furnaces designed primarily for 
pulverized coal. The furnace walls of the boilers which were de- 
scribed in the paper are almost completely covered with water- 
tubes and, due to the amount of heat absorbed by these tubes, 
the furnace temperatures are considered low. 

Mr. Goldstein reports a few interesting cases of oil-firing dif- 
ficulties but they seem to be concerned with lighter fuel oils and 
are therefore hardly comparable to the installation described in 
the paper. 

Mr. Vroom’s discussion is of great interest tothe author. Com- 
bination burners for liquid, gaseous, and pulverized fuels, as he 
points out, have been on the market for many years. A great 
many of these combination burners, however, have left much to 
be desired when operating on one or more of the fuels for which 
they were designed. Revision of such an installation, to correct 
the undesirable condition, becomes a problem of that installation 
only; the solution found satisfactory in one instance might or 
might not be successful if applied in another case. There are com- 
bination burners in operation with undesirable firing conditions 
recognized by the operators but accepted by them as unalterable. 
Consequently, no effort is made to correct the difficulties. 

In his discussion, Mr. Walker emphasizes many of the points 
which the author sought to bring out in the paper. The observa- 
tions regarding general practice on burner spacing and placement, 
with his explanation of the reasons for such spacing and place- 
ment, tend to clarify the statement of the problem involved in the 
original installation. 

The author wishes to thank all the discussers of the paper for 
their contributions to the general subject. 
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The Analogy Between Fluid Friction and 
Heat Transfer 


Discussion of Paper’ by Th. von Karman 


By BORIS A. BAKHMETEFF,? NEW YORK, N. Y. 


N HIS paper! Dr. von Karman has focused light on a funda- 
mental precept, the import of which lately may have become 
somewhat eclipsed. 

The heat-transfer analogy was originally offered by Reynolds 
as a fascinating hypothesis to be probed and substantiated by 
observation and experiment. Quantitatively, the interpretation 
from the very first was in terms of momentum, the heat exchange 
due to turbulent convection being appraised at 


This basie relation, equivalent to Equation [19]* and leading 
directly to von Kaérman’s 


was accepted in all subsequent interpretations and improvements 
without scrutiny, even if certain physical aspects cast doubt as to 
the validity of expressing the Reynolds analogy in that particular 
form. Indeed as Equation [a] applies to the heat exchange in 
the turbulent zone only, the symbol 8 = 63 — On should signify 
the difference between the temperature of the fluid On and a cer- 
tain temperature 65 at the boundary between the turbulent core 
and the laminar region. Accordingly © in all cases must be 
less than the full temperature difference @ = 0, — On between 
the wall and the fluid. In fact one may properly introduce 


63 — On 0 


as a “reduction coefficient,” featuring the “insulating effect” of 
the laminar zone. 

The practical meaning is, that if Equation [a] were to express 
correctly the physical facts relating to turbulent heat transfer, 
as for example in a pipe, then the quantities of heat observed 
experimentally should under all circumstances be below the 
figures computed from Equation [a] with © = © In other 
words, observed values should comply with 


where » is < 1. 

Such, however, is not the case. Since the early experiments by 
Stanton and Pannell,‘ it has been known that, for air and gases 
for which the Prandtl number ¢ = u c/k is < 1, measured heat 
values are in excess of g, computed from Equation [a] with © = 
®. Accordingly, the over-all experimental values of the heat- 
transfer number Cy in Equation [5] exceed C,/2. Mathemati- 
cally, this discrepancy has been repaired by G. I. Taylor, Prandtl, 
and von Kérmén, who complemented the original Reynolds 


*“The Analogy Between Fluid Friction and Heat Transfer,” 
by Th. von Karman, Trans. A.S.M.E., vol. 61, 1939, pp. 705-710. 
, Professor, Columbia University. Mem. A.S.M.E. 
Numbers in brackets refer to equations in the original von 
4n paper.! 
*“The Mechanical Properties of Fluids,” a collective work, Blackie 
& Son, Ltd., London, 1925, p. 174. 


disclosure by accounting supposedly for the effect of the near- 
to-the-wall laminar film, across which the transfer of heat is by 
conduction. To elucidate, one may refer to the prototype Taylor 
Equation [21], written in the form 


| 


- [d} 


1 
1 + U3/U — 5 


Indeed for « < 1, the bracket value becomes larger than unity, a 
feature which, because of the presence in the structure of the 
group (¢ — 1), is equally shared by Prandtl’s Equation [22] 
and von K4rman’s Equation [34] expressions. 

The physical implications devolve from comparing Equation 
{d] with Equation [c]. The bracket groups are obviously equiva- 
lent to the reduction coefficient », which for « < 1 becomes thus 
larger than unity, meaning that a correction term, ostensibly in- 
tended to account for the insulating effect of the laminar zone, 
results in increasing the heat flow numerically beyond the high- 
est limit which could possibly be achieved in accordance with 
Equation [a] if the whole of 6 were contributing to turbulent 
convection. Obviously, the source of the discrepancy must lie 
in the very form of the basic relation of Equation [a], which 
seems to understate the actual intensity of the heat transfer due 
to turbulence. 

The writer finds, that the inconsistencies are easily removed if 
instead of using the “momentum,” one were to interpret the 
Reynolds analogy in terms of “energy.” In such a case the 
second of von Karmdn’s Equations [5! could be appropriately 
expressed by the ratio 


ena q | Energy lost per unit wall surface 


pcU@ _ Energy of flow per unit cross-section area - 


[e] 


Using for the numerator Equation [10] in a text® by the writer, 
we obtain 


q__ 


 pUU?2/2 


Cu = 


from which there follows 


By comparison with Equation [a] and Equation [16], the 
heat transfer derived from interpreting the Reynolds analogy in 
terms of energy, is twice as large as when using momentum. 
Physically, there is no reason why the analogy between heat 
transfer and friction should not be considered in energy terms. 
In fact convective heat transfer is a process of diffusion, and the 


5 This method of presentation was first disclosed by the writer in 
his lectures at Columbia University in 1932-1933. 

6“The Mechanics of Turbulent Flow,” by B. A. Bakhmeteff, 
Princeton University Press, 1936, p. 4. 
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rate of the latter is appropriately reflected by energy loss. crOQ, —-2erOo | 
To arrive at final expression of an equation of the type of q = 72 ov 8 ii a a, /U 
: Equations [22] and [34] one proceeds by equating the turbulent fo 4 
heat exchange gq = 2cr(@5 — ©n)/U = n(2cr@/U) based on Ce l 
Equation [f], with the conduction across the laminar film 3/U 
q = k(@v — 08) /6 = (1 — n)(@ok/S), in which 6 is the thickness of 
Assuming finally with von that, in terms of the dime 
the insulating layer, equivalently expressed through 6 = »U3/r. 4 
sionless distance parameter y* Equation [25], the Us/U ratio 


This determines the reduction coefficient as 
may be expressed through 


ig] Us/U = N i 


with N a numerical constant, one obtains for 7 the conveniet! | 4 
and then with Equations [f] and [c] form of 
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1 
1+ No V 2C, 


In first approximation, one single value of N can be assumed 
to qualify conditions within the whole range of o and R, the 
particular number lying ostensibly somewhere near the point, 
where in Figs. 51 and 53 of Bakhmeteff’s text,® the u/us« curves 
leave the laminar outline. Accordingly in Fig. 1 of this dis- 
cussion, complementing von Karm4n’s Fig. 4,' the curves, marked 
B, represent Equations [hk] and [j] with N = constant = 7. The 
practical accord with the experimental points, notwithstanding 
the crudeness of the assumptions, is quite satisfactory. It does 
seem, however, that with the increase of o, the N value, which 
features the size of the conduction laminar zone, should some- 
what decrease. The possible variation could be appraised by a 
simple exponential expression N = No/o”. This possible im- 
provement is introduced into the curves, designated as B’, 
taking No = constant = 9.5, and m = 0.2, so that in Equation 
No = 9.5 o%8, 

In all computations, the Blasius values of \ = 4C;, for smooth 
pipes were used. 

The insulating effect of the laminar film is especially evidenced 
by the comparative outlines of the 7 curves which are plotted 


in Fig. 2 of this discussion. 
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Obviously with ¢ approaching 


zero, the insulating effect vanishes, and Cy tends to its limiting 
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Pump Discharge Valves on the Colorado 
River Aqueduct 


By R. M. PEABODY,' LOS ANGELES, CALIF. 


This paper outlines the arrangement and physical equip- 
ment of the five pumping plants installed on the Colorado 
River Aqueduct. Studies and estimates indicated that for 
these aqueduct plants a common delivery pipe with a 
valve at each pump was more economical than separate de- 
livery lines. Rotating-plug-type pump valves were finally 
selected for shutoff service at all plants. With proper con- 
trol of the rate of closure they can be made to limit the 
pressure rise toa moderate percentage in systems compara- 
ble to those of the Metropolitan Water District. Con- 
structed by two manufacturers for application at different 
plants, the valves, while varying somewhat in detail, give 
practically the same operating result. Model tests were 
conducted by the manufacturers and by the hydraulic 
laboratory at the California Institute of Technology. 
Details of the design, construction, and operation of 
the valves, as well as the test results, are included in the 


paper. 


HE Colorado River Aqueduct extends from the Colo- 

rado River across the entire width of California and is to 

supply water for domestic and industrial purposes to the 
highly developed areas of the south coastal basin of Southern 
California. The main aqueduct is 242 miles in length. The 
greater part lies across a barren desert country at a higher eleva- 
tion than the Colorado River. To cross this elevated region a 
succession of pumping plants, five in number, are required with a 
total lift of 1617 ft. The designed capacity of the aqueduct is 
1600 cfs. Power for pumping, which for the ultimate develop- 
ment will be about 300,000 kw, is obtained from the power plant 
at Boulder Dam about 150 miles north of the point of diversion 
on the Colorado River. Fig. 1 shows the location and the 
profile of the portion of the aqueduct which includes the pumping 
plants. 


PumpPINnG PLANTS 


Each pumping plant will ultimately contain nine pumping 
units of 200 sec-ft capacity each, which will allow one spare unit. 
Three such units are installed in each plant initially and others 
will be added from time to time as the demand for water in- 
creases. Table 1 gives the principal engineering data for each of 
the plants. 

The five pumping plants are almost identical in general design. 
There are differences in detail made necessary by the variation 
in head and by the different intake and discharge conditions at 
the site of each plant. The pumps are all of the single-stage, 
single-suction, vertical-shaft, volute type, without guide vanes or 
diffusers. The pumps are set below the minimum inlet water 
levels, not only to avoid the necessity of priming apparatus, but 
je Senior Engineer, Metropolitan Water District of Southern Cali- 

rnia, 


Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting, San Francisco, Calif., July 10-15, 1939, of 
Tae AMERIcAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper was closed September 1, 1939, and is 
published herewith directly following the paper. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


to give sufficient positive inlet pressure to insure operation at 
minimum head and maximum discharge without cavitation. 
The ultimate nine pumps of each plant will be connected, in 
groups of three, to three main 10-ft diameter, steel delivery pipes. 
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Discharge pipes 6 ft in diameter from each pump converge 
through a three-branch manifold or wye to the main delivery pipe 
at a short distance from the plant. The delivery lines at three 
of the plants, Intake, Gene, and Eagle Mountain, connect at the 
upper end through surge chambers to pressure conduit or pressure 
tunnels and reservoirs. At the other two plants, Iron Mountain 


555 


q 
| 
¢ 
CAMINO 
| 
N 
$ SERVO 
# 
of] 
MT PUMP LIFT. GENE PUMP LIFT 
4 


556 
TABLE 1 
Items Intake Gene 
Lecation - miles west of Intake ° 2 
Static Lift 291 308 
Average Operating head 294 310 
Elev. hydraulic grade at top of lift 740 1,087 
Delivery lines - slope length (center 
line pumps to center line surge tank) 946 2,185 
Diameter of main lines 10-0" 10'-0" 
Plate thickness (min. to max. ) 3/8"-7/8" 3/8"-7/8" 
Diameter of branch lines 6'-0" 6'-0" 
Plate thickness (min. to max.) 9/6" /e" 5/8" only 
Time for round trip of pressure 
wave, seconds (21/a) 0.664 1.538 


Pumps - Manufacturer 


Capacity at Rated Head, gepeme 90,000 90, 000 
Speed, (repem. ) 400 400 
Specific speed (g.p.m. units) 1,690 1,624 


Motors - Manufacturer Gen'1 Electric Co. 


Horsepower (each motor) 9,000 9,000 
Flywheel Effect, motor 
and pump ( 468,000 468,000 


Pump Discharge valves, Manufacturer 
Valve size (inlet and 


S. Morgan Smith Co. 
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PRINCIPAL ENGINEERING DATA CONCERNING PUMPING PLANTS 


Iron Mt. o Mt. Hayfield 
69 110 126 
144 4358 441 
146 440 444 
1,047 1,408 1,807 
947 1,287 
10'-0" 10'=-0" 
3/8"-1-1/8" 
3/4"-7/8" 
0.485 0.638 0.850 
Worthington Pump Worthington Pump 
Allis-Chalmers Mfg.Co. & Machinery Corp. & Machinery Corp, 
90,000 90,000 90,000 
300 450 450 
2,140 1,408 1,396 
Westinghouse Westinghouse 
Allis-Chalmers Mfg. Co. Elec. & Mfg. Co. Elec. & Mfge Co. 
4,500 12,600 12,600 
339,000 506,000 506, 000 
Pelton Water Pelton Water 
8. Morgan Smith Co. Wheel Co. Wheel Co. 


outlet dia.) 42" x 58-3/8" 42" x 58-3/e" 48" x 64-1/2" 40-1/2" x 53-7/8" 40-1/2" x 53-7/8" 
Inlet Reservoir - useful capacity Parker Reservoir Gene Reservoir Hayfield Reservoir 
387,000 acre-feet 3,000 acre-feet 100 acre-feet 112 acre-feet 86,500 acre-feet 


Gene Reservoir 
3,000 acre-feet 


Discharge Reservoir - useful capacity 


OTE: 
Me 15 ft; Eagle Mt., 20 ft; Hayfield, 37 ft. 


and Hayfield, the delivery lines connect through simple tran- 
sition structures to gravity-flow tunnels. A headgate is installed 
at the upper end of each delivery line so that any main pipe line 
can be unwatered independently and without draining the 
reservoir. 

It is not considered desirable to sacrifice efficiency by operating 
the pumps with throttled discharge. The flow in the aqueduct 
will therefore be in multiples of about 200 sec-ft, the unit pumping 
capacity. Due to variation in reservoir and canal water levels, 
the pumps at consecutive plants may operate at heads above or 
below the design point with a consequent variation in discharge. 
The reservoirs at Gene draw, Copper basin, Hayfield, and Cajalco 
are sufficient to hold the entire capacity of the aqueduct between 
these reservoirs and the next pumping plant upstream. At these 
plants, variation in pump discharge may be compensated for by 
starting and stopping one or more pumps at comparatively long 
intervals, and in power outages of long duration no water will be 
wasted from the aqueduct. The available regulatory storage at 
Iron Mountain and at the inlet of Eagle Mountain is small (about 
100 acre-feet at each plant) so that starting and stopping of one 
pump at each of these plants may be necessary at shorter inter- 
vals to maintain a balanced discharge. These small reservoirs 
will provide rejection storage for power outages up to 30 or 45 
min duration and, for unanticipated longer outages, spillways 
provide for wasting the excess flow. 

Figs. 2 and 3 show the general arrangement of the Intake 
plant and appurtenant structures. Fig. 4 shows a cross section 
of the Intake plant in more detail and is typical of all the plants, 
except for the arrangement of the pump inlet. In all of the other 
plants, the inlet is through a branch from a 16-ft-diameter steel 
manifold. There is a butterfly valve instead of a slide gate to 
close off the pump inlet. 

With the adopted arrangement of three pumps discharging into 
a common delivery pipe, valves at the outlet of each pump are 
necessary. Another possible arrangement, which was studied 
and abandoned because of greater cost, was to have separate de- 
livery lines from each pump all the way to the upper reservoir or 
conduit with no discharge valves at the pumps, but with a device 


Copper Basin Reser. 
6,000 acre-feet 


The average submergence of the pump center line below the inlet water level is as follows for the various plants: Intake, 14 ft; 


Hayfield Reservoir 
86,500 aore-ft. 


Cajalco Reservoir 
100,000 acre-feet 


112 acre-feet 
at Eagle Mountain 


Gene, 17 ft; Iron 


at the upper end of each pipe line to prevent backflow from the 
reservoir. With such an arrangement, should a pump be taken 
out of service, either intentionally or as a result of emergency 
shutdown, the water would run back through the pump until the 
delivery pipe was empty. The pump would of course reverse its 
rotation under these conditions. Studies and estimates showed 
conclusively that for the aqueduct plants the common delivery 
pipe with a valve at each pump was more economical than sepa- 
rate delivery lines. 


DIscHARGE VALVES 


The large size of the pumps and the high discharge velocities 
called for careful consideration of the various available types o! 
valves, which include plain swing-check valves, combinations 0! 
check valves, and pressure- or mechanically operated relief valves, 
butterfly valves, gate valves, needle and plunger valves, and plug- 
type valves or cocks. On account of the high velocity at the 
pump discharge, reaching 24 fps at maximum flow, loss of head is 
an important consideration. Butterfly valves, needle and plunger 
valves, and certain types of plain gate valves all create a certain 
amount of obstruction or disturbance in the flow, with more or 
less head loss. However, two types of valves, the ring-followe? 
gate valve and the rotating-plug-type valve, could be so con 
structed that at full opening they would offer no more resistance 
to flow than an equal length of straight or tapered circular pipe 
In both types, when fully open, the water passages through the 
valve body and the valve disk or plug are circular and of un 
formly increasing diameter from the pump-discharge flange t 
the connection of the valve to the delivery pipe. 

Of even greater importance than the type of valve is the operat 
ing and control mechanism. Considerable power is necessary 
operate high-pressure valves of this size, particularly for the 
rapid valve movement on emergency closure. Electric power ¥ 
not suitable since failure of power supply would leave the valves 
inoperative at the very time when emergency operation # 
necessary. Hydraulic operation, using the delivery-line water 
pressure, is not wholly desirable, partly because of the variatioa 
in the pressure source during closure and even more so because 
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the possibility of incrustation and corrosion of the small control 
valve parts and the resulting irregularity or failure in operation. 
The most reliable power source, although the most expensive, 
appeared to be hydraulic cylinders, using oil from air-pressure- 
accumulator tanks similar to those commonly used for supplying 
power to actuator-type governors for hydraulic turbines. 
Specifications were issued for both ring-follower gate valves 
and rotating-plug-type valves. Hydraulic-cylinder operation 
was required using oil pressure. The control mechanism was 
specified to be flexible enough to give the slow valve travel de- 
sired for normal opening and closing, as well as an adjustable 
fast travel for emergency closure. The bids received showed a 
lower cost for the rotating-plug-type valves in all plants and 
contracts for this type were awarded to the S. Morgan Smith 
Company for the valves at the Intake, Gene, and Iron Mountain 
plants, and to the Pelton Water Wheel Company for the valves 
at the Eagle Mountain and Hayfield plants. The hydraulic- 
cylinder operators for the Eagle Mountain and Hayfield valves 
were made by the Chapman Valve Company for the Pelton 
Water Wheel Company. Controls for all valves were made for 
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both principal contractors by the Woodward Governor Company. 

The general design of the valves made by the two companies is 
similar, except for the operating mechanism. In all valves, with 
the plug in the fully open position, the water passage is circular 
in cross section, increasing in diameter from the pump to the 
delivery pipe. The total angle of the taper is about 8 deg. 
The valve thus forms an extension of the pump diffuser and helps 
to regain the velocity head at the pump discharge. Close to the 
periphery of the water passage on both the valve plug and valve 
body are noncorrosive seats, which are of monel metal on the S. 
Morgan Smith valves and bronze on the Pelton valves. The 
plugs are conical and, in both the open and closed position, the 
plug is pushed down into the valve body so that the seats are in 
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contact. To open or close a valve, the entire plug is first raised 
sufficiently to separate the seats, then rotated 90 deg, and finally 
pushed down again to reseat. On the sides of the plug are seats 
corresponding to those around the water passages. There is thus 
full seat contact in both the open and closed positions. Fig. 5 isa 
shop erection view of one of the S. Morgan Smith valves which 
shows the opening and closing seats on the plug. Fig. 6 is an 
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assembled view of one of the Pelton valves. Figs. 7 and 8 show 
cross sections of the two valves and their operating mechanism. 

The valves are all hydraulic-cylinder-operated with oil at 300 
lb per sq in. working pressure. The principal difference between 
the S. Morgan Smith valves and the Pelton valves is in the me- 
chanical arrangement by which the straight-line motion of the 
hydraulic piston is made to raise, rotate, and then lower the 
plug. 

On the Pelton valves, the operating cylinder is separate from 
the housing containing the mechanism for rotating the plug. A 
guided crosshead on the piston rod operates a rotator arm and a 
lifting nut which are attached to the valve stem. For the first 
few inches of crosshead travel, the rotator arm is prevented from 
rotating. ‘Through a linkage the crosshead turns the nut on the 
threaded portion of the stem in a direction to lift the valve stem 
and plug. After the crosshead has traveled far enough to lift the 
plug completely free, the rotator arm is released and a pin on 
the crosshead enters aslotin the rotatorarm. Further travel of the 
piston rotates the entire assembly of rotator arm, lifting nut, 
valve stem, and plug. After the required 90-deg rotation, the 
rotator arm strikes a stop which prevents further angular motion; 
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the pin on the crosshead comes out of the slot in the rotator arm; 
and further travel of the piston turns the nut in a direction to 
lower the valve stem and reseat the plug. The crosshead, rotator 
arm, and lifting nut operate in a bath of lubricant. 

On the S. Morgan Smith valve, the lifting, rotating, and re- 
Seating motions are accomplished through an interacting com- 
bination of racks and gear segments. The piston acts directly on 
rack which has three separate rows of teeth, each row matching 
with a separate gear sector. The first few inches of piston travel 
cause rotation of the lifting gear sector. The lifting sector is 
keyed to a screw which rotates freely on the valve stem but is 
threaded into a nut which is keyed to the reseating gear sector. 
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During this portion of the stroke, the rotating sector and the re- 
seating sector are both prevented from turning by special teeth 
which slide on flat surfaces on the rack. When the stem has lifted 
the required amount, all three gear sectors are engaged by the 
rack teeth and rotated 90 deg. The rotating sector and the 
lifting sector then come out of mesh with the rack and are pre- 
vented from rotating further by stops in the housing. The re- 
seating sector is still in mesh, however, and the relative motion 
between the nut and the screw forces the nut downward and 


Fig. 10 AsseMBLY OF ConTROL VALVE, CovER REMOVED; Woop- 
WARD GOVERNOR COMPANY 


reseats the plug. Adjusting screws limit the rack travel for both 
seating and reseating and can be adjusted to give the proper seat 
contact. 

The principal parts of all the valves are steel castings fully an- 
nealed. Shop hydrostatic tests were made on all valves at a 
pressure approximately two and one-half times the maximum 
static head. The operating cylinders were tested at 450 lb per 
sq in. oil pressure. The specifications required the operating 
mechanism to have sufficient capacity to unseat the valve against 
an unbalanced pressure of 120 per cent of the maximum static 
head, assuming a friction coefficient of 0.50 for the seats, and a 
pressure of 250 lb per sq in. in the operating cylinder. 


ConTROL MECHANISM 


The source of oil pressure for valve operation is an air-pressure- 
accumulator tank, with return-oil sump tank and pump, very 
similar to the oil-pressure sets used for actuator-type governors 
for hydraulic turbines. The proper oil level and pressure are 
maintained in these tanks automatically. There is an inde- 
pendent pressure set for each valve. The control mechanism, 
furnished by the Woodward Governor Company for all valves, 
operates the valves slowly for normal starting and shutting down 
a pump. On failure of power to a pump motor, this mechanism 
closes the valve very rapidly to about 5 per cent of the effective 
opening and then very slowly to full closure. The time of the 
fast part of the stroke can be varied from about 1'/; sec to 5 or 6 
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sec. The point on the stroke where the motion changes from 
fast to slow can be varied. The slow-closing part of the stroke 
can be adjusted to any time up to about 60sec. For normal open- 
ing and closing, the time of the full stroke is 40 to 60 sec and the 
rate is nearly uniform. 

Before starting a pump, the inlet valve is fully opened and, 
since all the pumps are set well below the inlet-water level, the 
pump casing is completely filled. The discharge valve is closed 
and normally the discharge pipe above the valve is completely 
filled. The motor is started, brought up to speed, and syn- 
chronized, the pump operating at practically shutoff head. 
An 8-in. by-pass with a check valve on each of the main plug 
valves permits sufficient water to be pumped to prevent over- 
heating the water in the pump casing. The by-pass is also used 
to fill the delivery line if it is empty when the pump is started. 
The main plug valve is then opened slowly. When taking a pump 
out of service, the discharge valve is first slowly closed, the 
motor circuit breaker opened, and the unit decelerates to rest. 

Fig. 9 shows a cross-sectional view of the control mechanism. 
Fig. 10 shows the control valve with the cabinet removed. The 
relay valve for applying oil pressure to operate the hydraulic 
cylinder, the pilot valve, the floating lever (in this case a double 
eccentric), and the control rod are similar in construction and 
operation to the corresponding parts in a water-wheel governor. 
The control rod corresponds to the speed rod of the flyballs. 

Referring to Fig. 9, the control rod is actuated by a double 
eccentric. The control rod is journaled on the hub of the outer 
eccentric and the outer eccentric is journaled on the inner eccen- 
tric. The outer eccentric is integral with the lever L; and is 
turned thereby. The lever is operated by the back-geared 
motor, through gearing and a screw. The inner eccentric is in- 
tegral with the central shaft, which is turned by the restoring 
lever, Le. To the end of lever Lz is attached a rack bar which 
meshes with a gear on the restoring shaft. This shaft is con- 
nected to the vertical shaft of the main pump discharge valve by 
a cable and sheaves, the cable and sheaves all being enclosed. 
Thus lever L; moves with and its position corresponds to the 
angular position of the cone valve plug. The cable is kept taut 
by a heavy weight. With the levers L; and Ly in line with each 
other, the control-rod length is adjusted to hold the relay valve 
in its central position with the relay ports closed. If lever Ly 
is moved out of line with Lz, the control rod will be moved up 
or down, causing the relay valve to be moved down or up and 
admit oil to the main-valve operating cylinder. The main valve 
plug then rotates and, through the cable connection, the restoring 
shaft, and the rack, brings lever L: in line again with Li, moving 
the pilot valve in a direction to cause the relay valve plunger to 
close the relay ports and stop the movement of the plug. If Li 
continues to move, then the main valve plug and lever L, will 
continue to move at the same rate. 

In Figs. 9 and 10, the levers are shown in the position they as- 
sume after the main valve has been fully opened. To close the 
valve in a normal slow-closing operation, the control motor is 
started in the direction to cause the upper end of lever L; to move 
to the left, which will cause the main valve plug to unseat and 
rotate in the closing direction, and lever L, to move toward a 
position in line with L;. When lever L; has been moved to its 
extreme left position, the main valve plug will have rotated to its 
fully closed position. A little overtravel of the lever L;, causes 
the piston of the hydraulic cylinder to continue on and seat the 
plug. The control-valve motor is provided with a friction 
governor to secure a constant speed irrespective of the voltage. 
The governor is adjusted to give full plug rotation in about 40 sec. 

To open the valve the motor is operated in the opposite direc- 
tion. 

In case of motor or current failure, the valve may be operated 
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by the small hand crank shown close to the motor. This is geared 
for a number of turns calculated to make it convenient to operate 
at about the same speed as motor operation gives. 

Limit switches operated by the motor screw open the motor 
circuit when the screw has traveled its full movement in either 
direction. 

For emergency closing, the main-valve plug is closed rapidly 
by energizing the 125-volt, d-c solenoid or by raising the solenoid 
core by means of the hand knob. As the core is raised, it acts, 
through the link and lever shown in Fig. 9, to depress the pilot 
valve. Aspring in the control rod permits it todoso. The pilot 
valve then causes the relay valve to rise, closing the plug rapidly, 
at a rate determined by the setting of the stop bar, which limits 
the amount the relay valve can open. 

When the solenoid core is raised, the latch shown falls into 
place and holds it up. Then the plug cannot be moved to open 
until the latch is released. This will occur when the lever L; has 
been moved to the closed plug position and the lower extension of 
lever L, strikes the latch. 

When the plug has been closed rapidly to a predetermined posi- 
tion, the cam, shown on the restoring shaft, engages a roller on 
the right-hand end of a rocker arm shown just above the cam. 
The other end of the rocker arm is thereupon depressed and 
forces the relay valve down to a port opening which will cause 
the final closing of the plug to be made at the desired slow rate. 

The principal adjustments on the control mechanism are as 
follows: (1) The rate of normal opening or closing can be varied 
by the governor on the d-c motor; (2) the initial rapid-closing 
rate can be varied by raising or lowering the stop bar, which 
limits the travel of the relay valve; (3) the position of the main- 
valve plug, at which the emergency-closing rate changes from fast 
to slow, can be varied by rotating the cam with reference to the 
restoring shaft; (4) the final slow-closing rate can be varied by re- 
placing the roller which is lifted by the cam and using another 
roller of slightly larger or smaller diameter. Once made these 
adjustments are locked and are not readily changed. 

The entire control mechanism is enclosed in a dustproof cabi- 
net. The top cover of the cabinet is hinged and provided with « 
lock. When this cover is raised it gives access to the hand con- 
trol for normal and emergency operation. For access to the 
adjustments, there are two side openings with dustproof covers, 
bolted in place from the inside. 


OPERATION 


Control of the main-pump motors and of the pump discharge 
valves is centralized in a control room adjacent to the pumping 
plant. Normally, the sequence of operations in starting and 
stopping a pumping unit is automatic. In starting up, th 
operator throws a switch on the control board which applie 
full voltage to the main motor. As the speed approaches sy? 
chronism, a relay operates to apply field current and the moto 
pulls into step. Closing the field breaker initiates the openiné 
of the pump discharge valve. For normally shutting down § 
unit, the operator turns the control switch in the closing direc 
tion, which starts the pump discharge valve closing slowly 
When the valve plug has rotated past the cutoff position so ths! 
the pump discharge is entirely through the 8-in. by-pass, the 
motor is tripped off by a switch actuated from a cam on the 
control-mechanism restoring shaft. 

On emergency closure, the motor is tripped off and rapid closu* 
of the valve is started at the same time. There is an emerge! 
shutdown switch on the control board in the operator’s 1002 
so that the operator can trip the unit off in this manner whet 
ever necessary. Emergency trip of the valve and motor is als 
initiated by any one of the following abnormal conditions: (I 
Failure of lubricating-oil supply to pump or motor bearing 
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(2) failure of water supply to the motor coolers; (3) operation of 
motor overload or differential relays; (4) operation of transformer 
differential relays; (5) accidental opening of motor or high- 
voltage circuit breakers; (6) phase or line-to-ground faults on 
transmission system. 


LABORATORY TESTS 


Extensive tests on small gate valves and plug valves and on 
scale models of the pump discharge valves were made by both of 
the firms that manufactured the valves and by the Metropolitan 
Water District. These tests were made in order to estimate 
closely the power required to operate the valves under the as- 
sumed maximum-flow conditions, and to determine the loss in 
head through the valves at various openings. Tests by the 
manufacturers were made in their own laboratories. The Dis- 
trict’s tests were made in the hydraulic-testing laboratory at the 
California Institute of Technology.? 

It is not within the scope of this paper to describe in detail the 
work done in the various laboratories. Preliminary testing by 
the District was conducted on a 6-in., quarter-turn, S. Morgan 
Smith plug cock with a circular water passage of uniform diameter 
and on a 6-in., ring-follower, Yuba gate valve. Tests were con- 
fined to determining the loss of head at various openings and rates 
of flow. Tests by the valve manufacturers were made on scale 
models of the actual valves as they were to be constructed. 
The model valves were about one seventh the linear dimensions 
of the full-sized prototypes. The manufacturers’ tests were 
primarily for determining the torque required to rotate the valve 
plugs at various openings and rates of flow. However, since the 
laboratory facilities also permitted head-loss measurements, 
these were taken for the same openings and rates of flow as the 
torque. The independent tests made by the S. Morgan Smith 
Company and the Pelton Water Wheel Company were in reason- 
ably close agreement both as to torque and head loss. 

The torque tests showed conclusively that, with the operating 
mechanism designed to have power enough to unseat the plug 
under the maximum unbalanced head required by the specifica- 
tions, there was more than ample torque to rotate the plug and 
control its rate of rotation at any angular position and under the 
severest flow conditions reasonably expected, even considering 
the possibility of free reverse discharge through a ruptured pump 
casing. 

The model valve, made by the Pelton Water Wheel Company 
and used by that company in the determination of torque and 
head loss, was afterward made available to the District. Further 
head-loss tests were carried out on this model in the District’s 
laboratory at the California Institute of Technology. Prior to 
these tests, seat rings were added to the model in order to make it 
conform as nearly as possible in dimensional relations with its 
prototype. However, in the unseated position after lifting the 
plug and in that portion of plug rotation between cutoff and the 
full quarter turn, it was not practicable to make the clearances 
such that the clearance dimensions were in the same ratio to the 
prototype as the main water-passage dimensions. Consequently, 
the water that flows past and around the model valve plug, when 
it is lifted and rotated to the position where the water passage 
through the plug no longer opens directly into the water pas- 


sage through the valve body, is not a correct measure of the flow 


through the corresponding clearances in the full-size valve. Since 
this so-called leakage could not be segregated and accurately 
measured and, even if it could be measured, would not represent 
the correct leakage in the prototype, it was decided to neglect it 
in water-hammer calculations and to assume that the flow through 


* “The Hydraulic Machinery Laboratory at the California Institute 
by R. T. Knapp, Trans. A.S.M.E., vol. 58, Nov., 
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the valve is entirely shut off when the plug is rotated to the cut- 
off position. This assumption is on tle side of safety, since 
abruptly cutting off the final flow results in a higher calculated 
pressure rise. 

For both the Pelton and 8S. Morgan Smith valves, the cutoff 
position is about 70 deg from the full-open position. During 
the remainder of the 90 deg of total rotation, the plug is lifted off 
its seat and there is a considerable flow around the plug and 
through the clearance between the plug and body seats until the 
reseating operation has brought the seats into full contact. The 
effect of neglecting this flow is to make the calculated pressure 
rise considerably greater than the actual observed pressure rise. 

In the first loss-of-head tests made by the District, as well as in 
similar tests made by the manufacturers, the model valve was 
placed in a straight run of pipe and the net head loss due to the 
valve only was measured. Pressures, measured directly down- 
stream of the valve at partial openings, showed a considerable 
drop, due to the high velocity. Therefore, the net head loss was 
measured from a point just upstream of the valve to a point 
sufficiently far downstream (about six pipe diameters) so that 
recovery of velocity head was no longer observed. In the proto- 
type installation, however, the valve is placed directly at the 
pump discharge. In reverse flow, the jet from the partially 
opened valve enters the pump casing before the jet velocity has 
been fully converted into pressure head. A setup was made in 
the laboratory to simulate the actual installation. The model 
valve was placed directly at the discharge of a model pump, the 
complete head and torque characteristics of which had been de- 
termined previously for a wide range of normal and reverse rota- 
tion, and direct and reverse flow. From this series of experi- 
ments, it was found that the head loss in the valve, as affecting 
reverse flow through the pump at both normal and reverse rota- 
tion, was somewhat less than the head loss when the valve was 
tested in a straight run of pipe. 

The experiments showed that the head loss through the valve 
can be expressed with sufficient accuracy by the equation 


{1] 


where H, is the head loss in the valve, in feet; V is the velocity 
through the valve plug at the center of the plug in feet per second; 
and K is a coefficient which is a function of the valve opening and 
is determined experimentally. 

Fig. 11 shows the values of K, determined by these experiments 
for the Intake and Gene valves and plotted as a function of the 
angle of the plug in degrees from the full-open position. It 
should be noted that K approaches infinity as the plug is turned 
to the cutoff position. 


CoNTROL OF WATER HAMMER 


In order to meet the construction program, it was necessary to 
design and construct the pump-delivery pipe lines before all of the 
valve investigations had been completed. Preliminary water- 
hammer studies were based upon the first experiments on 6- 
in., uniform-diameter plug and gate valves and upon pump char- 
acteristics taken from a pump, having a specific speed some- 
what near that of the full-sized pumps, but not in any sense a scale 
model. These studies showed that the most severe combination 
of abnormal operations reasonably to be expected was for the 
motor to be tripped off, the valve not starting to close, until full 
reverse flow had developed and then closing for its full stroke at 
a very rapid rate without any retardation near the end of the 
stroke. It was assumed that this condition would occur on only 
one pump in any group of three, the valves on the other two 
pumps operating normally. The resulting maximum pressure 
rise was calculated to be about 50 per cent for the two highest- 
head plants, Eagle Mountain and Hayfield; about 75 per cent for 
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the Intake and Gene plants; and about 125 per cent for the 
lowest-head plant, Irom Mountain. The pipe lines were designed 
for the maximum total heads given by these overpressures, using 
@ maximum stress of 20,000 Ib per sq in. in the 10-ft-diameter 
pipe and 15,000 lb per sq in. in the 6-ft pipes leading from the 
pumps and in the manifold connecting the 6-ft pipes to the 10-ft 
pipe. 

Water hammer in the pump-delivery lines is a transient condi- 
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from rapid variations of the velocity. The slower the changes in 
velocity, the less the pressure variation. The characteristics 
of the pipe line, the head loss through the valve as it closes, the 
variation of pump discharge and torque with changing head and 
speed, and the combined flywheel effect of the pump and motor, 
all affect the velocity in the pipe line and hence the magnitude of 
the pressure variation. The water-hammer pressure produced 
by an emergency shutdown of a pump is thus the result of inter- 
action between the pump and motor, the pipe line, and the shut- 
off valve. Analysis to predict water-hammer pressure must take 
into account the characteristics of all these elements of the pump- 
ing system.? The motor, pump, and pipe-line characteristics, 
once selected, are fixed, so that the timing of the valve stroke is 
the only available means of regulating the velocity changes in the 
pipe. 

The valve timing for emergency closure is adjusted so that 
closure is very rapid for about 59 deg of plug rotation, reducing 
the effective valve area to about 5 per cent in about 3 sec. Dur- 
ing this period, the pump is rapidly decelerating, the velocity in 
the pipe line drops, and the pipe-line pressure drops. As shown 
by the K diagram in Fig. 11, the throttling effect for the first 
part of the stroke is small. The pressure drop during this period 
is dependent almost entirely on the pump characteristics, the 
motor flywheel effect, the length of the pipe line, and the initial 


3 ‘Typical Analysis of Water Hammer in a Pumping Plant of the 
Colorado River Aqueduct,” by R. M. Peabody, Trans. A.S.M.E., 
vol. 61, Feb., 1939, p. 117. 
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velocity. The valve has comparatively little influence since, by 
the time the valve closes to an appreciable throttling effect, the 
velocity is low whether forward or reverse. Somewhat before 
the time the valve reaches the end of the rapid part of its stroke, 
the pressure beyond the valve has begun to build up due to reflee- 
tion from the upper end of the pipe line. The speed of the pump 
in the meantime has dropped to a point where the head developed 
by the speed of rotation is less than the opposing pressure. The 
flow reverses, although the pump is still rotating in the pumping 
direction. The reverse flow through the pump acts as a relief 
for the overpressure which tends to develop in the pipe line. 
The very slow final closure of the valve prevents any large pres- 
sure rise in shutting off the reverse flow. By adjusting the final 
slow-closing time, it is found possible to make complete closure 
before reverse rotation of the pump, and yet without producing 
overpressure of any considerable magnitude. Fig. 12 shows the 
valve timing used at the Intake and Gene plants. 

Analyses were made for a number of different emergency condi- 
tions, such as delayed tripping of the valve until full reverse flow is 
developed, abnormal initial speed drop of the motor due to elec- 
trical trouble, emergency valve closure without tripping off the 
motor, and other possible abnormal operations. In all cases the 
calculated maximum pressure rise was well below the maximum 
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Fig. 12) Time Rate or CHANGE OF VALVE OPENING FOR EMERGENCY | 


CLosurRE aT GENE PLANT 


(Timing shown is very close to the actual valve timing recorded simul: 


taneously with the test curves in Figs. 13 and 14.) 


which the pipe lines and other apparatus are designed to witl- 
stand, although it was found that in some cases the pump would 


reverse rotation and attain considerable speed in the reverse dire | 


tion. 


CoMPARISON OF CALCULATIONS WitH Tests 


At the date of writing (February, 1939), the first two pumpitt 
plants, Intake and Gene, had been placed in operation, and 4 
number of observations had been made on the water hamme! 
produced by several different types of emergency shutdowns 
Comparison of the observed pressure rise with previous calcul 
tions shows that in every case the observed pressure rise * 
less than that calculated. Figs. 13 and 14 show the comparis! 
for one and three pumps tripped off at the Gene plant, where thet 
is the longest delivery line. One reason for the difference betwee! 
the observed and calculated results is undoubtedly the assumpti® 
made in the calculation that the flow is abruptly cut off when tht 
plug is rotated to cutoff position. Reference to Fig. 12 shows tlt 
K curve approaching infinity at cutoff. Probably the K cur’ 
in that region is more nearly that shown by the dotted lin’ 
indicating that the flow just before cutoff is more than ™* 
assumed and that flow continues and is gradually shut off betwee’ 
cutoff position and full rotation. 
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Fic. 13 Comparison OF MEASURED PRESSURE AND SPEED VARIA- 
TION WiTH CALCULATIONS AT THE GENE PLANT; EMERGENCY SHUT- 
DOWN OF OnE Pump; No OruHer Pumps OPERATING 


It is known from observation that considerable reverse flow 
continues after cutoff but it has not been possible to measure it. 
The closing time of the three valves was purposely made slightly 
different so that all the valves do not fully close at the same in- 
stant. This tends to reduce further the pressure rise when two 
or three pumps are tripped off simultaneously. A careful study 
of the speed drop at the very start of the transient, which the 
scale of Figs. 13 and 14 is too small to bring out, shows that, in 
the first small interval after the start of the transient, the drop 
in speed is less than given by calculation. This would tend 
to reduce the initial pressure drop and consequently the subse- 
quent pressure rise. After the first half second or so, the ob- 
served and calculated speed drops check fairly well. This indi- 
cates a larger flywheel effect at the very start. A suggested ex- 
planation is that the rotational inertia of the water in the casing 
surrounding the impeller tends to increase the total inertia of the 
pump and motor, and that this effect diminishes rapidly with re- 
duced discharge. 

In Fig. 13 the single pump shutdown was made from the 
emergency switch in the control room. The three-pump shut- 
down was made by opening the 230-kv circuit breaker close to 
the plant. The most severe pressure rise observed was when a 
single pumping unit, no other units operating, was tripped by 
opening the circuit breaker at the Boulder power plant, with 237 
miles of energized 230-kv transmission line between that breaker 
and the pumping unit. In this case the motor had to act momen- 
tarily as a heavily loaded generator supplying charging current 
to the line. The effect was a rapid drop in the speed of the 
motor in the short interval before the reverse power relays could 
act to open the motor circuit breaker and clear the motor from 
the line. With several motors operating in parallel, each would 
contribute only a part of the charging current and the speed drop 
would be less rapid. 

Line-to-ground and phase-to-phase short circuits were applied 
to the transmission system at different distances from the plant, 
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but the resulting pressure rise was less than in the case above 
cited. 

When one pump was tripped off, while either one or both of the 
other pumps in the plant continued to run, the pressure rise was 
found to be less than when the pump was tripped while the other 
two pumps were shut down. This was to be expected since with 
several pumps running the return-pressure wave, resulting from 
shutting down a single pump, is relieved through the operating 
pumps. 

Pressure variation in the pumps and pipe line was measured 
by a fast-motion, strip-chart pressure recorder. The records 
of valve movement were taken on a fast-motion recorder. Speed 
variations were observed on a high-speed recording voltmeter, 
which showed the variation in the voltage of a magneto-tachome- 
ter driven from the motor shaft. 


CONCLUSION 


Rotating-plug-type valves are well adapted for shutoff valves 
on large pumps. With proper control of the rate of closure they 
can be made to limit the pressure rise to a moderate percentage in 
systems comparable to those of the Metropolitan Water District. 
A marked advantage of this type of valve, which is lifted off its 
seat while rotating, is that the entire flow is not abruptly shut off 
when the main water passage is rotated past the cutoff point. 
The final flow is thus extinguished gradually which tends to 
cushion the maximum pressure rise. 

The magnitude of the pressure rise to be expected can be pre- 
dicted by well-established methods of calculation, provided that 
the characteristics of the elements making up the pumping sys- 
tem are known. 

All work on the Colorado River Aqueduct is under the direc- 
tion of F. E. Weymouth, general manager and chief engineer of 
The Metropolitan Water District of Southern California. The 
design and construction of the pumping plants are under the 
direction of J. M. Gaylord, chief electrical engineer. 
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Discussion 


Rosert W. Ancus.‘ The writer wishes to commend the author 
for making available some of the data and results used in con- 
nection with the water-hammer study on this very extensive 
pumping problem. The magnitude of the project is such as to 
justify experimental investigations of the characteristics of the 
pumps and also of the valves used, and information is thus avail- 
able in a somewhat unknown field. 

The paper is really part of the one by the same author,’ where 
the method of working out the water-hammer pressures is given 
in some detail. For a proper study of this nature, a complete 
set of characteristic curves of the pump is necessary, covering 
the action of the machine (1) as a pump, (2) running forward but 
with the water running downward through it, (3) running under 
zero torque with the water passing downward, and (4) operating 
as a turbine with both water and impeller running in reversed 
directions. The excellent work* of R. T. Knapp, to which the 
author refers, has given data on a pump in such a complete form 
that its action on water hammer may be studied. It is hoped 
that similar information will be made available on a number of 
other pumps. 

Presumably, the valve referred to in the author’s earlier paper® 
is similar to that in the present one; in any event, the character- 
isties of the two are of the same form, and the data in the papers 
supplement one another. In Fig. 11 of the present paper, the 
losses in the valve for different plug positions are shown, the 
loss naturally varying with the direction of flow. The head-loss 
coefficient K will vary with the reference velocity, which has here 
been taken as that at the center of the plug, whereas it would 
seem to be more consistent to use one of the end velocities. For 
partial openings the plug will not be filled with water and the 
meaning of the velocity there is obscure; the author apparently 
means by it the quotient of the discharge divided by the area of 
circular opening at the center of the plug. 

The writer has made a number of experiments® on a 3-in. cone 
valve with a cylindrical opening and, while it is not possible to 
compare the coefficients on this small valve with those on such a 
large tapering valve, yet there is in general a very good agreement, 
particularly for the large openings. In the small valve the cone 
was not lifted off its seat in any position, and hence the smaller 
openings would be less in agreement. 

Fig. 12 shows that in the Gene plant, for the pipe line of which 
the value of 2L/a is given as 1.533 sec in Table 1, the plug has 
been turned through about 58 deg in about 3 sec or, if allowance 
is made for the time of lifting the plug, the latter has been turned 
through about 58/69 or 85.5 per cent of its total closing movement 
in about 2.3 sec or 1.5 times 2L/a sec, which is very quick. The 
remaining 14.5 per cent of the movement has been made in about 
12 sec and Fig. 14 shows that this causes no pressure trouble when 
the water is running at full velocity in the delivery line. This 
further illustrates the point mentioned by the writer in the 
paper? already referred to. Many statements have been made 
that valves in long pipe lines must be closed very slowly to avoid 
water hammer, whereas the author shows that a closure in 15 sec 
causes no appreciable pressure rise. 

Provided that it is not less than perhaps 10 times the period of 
the pipe, the total time of closure of a valve is of far less im- 

portance than the way in which the closure is effected. For many 
types of valves it is scarcely possible to effect the first 70 per cent 
or so of the closure fast enough to cause any trouble, but the 


4 Professor of Mechanical Engineering, University of Toronto, 
Toronto, Canada. Fellow A.S.M.E. 

5“‘The Action of Valves in Pipes,’’ by R. W. Angus, Journal, 
American Water Works Association, vol. 30, no. 11, Nov., 1938, 
p. 1858. 
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final part of the operation must usually be done with great care 
and with proper consideration of the characteristics of the valve 
being used. Great differences exist among valves, in regard to 
their method of control, and some would cause trouble under 
similar operating conditions to those herein mentioned. How- 
ever, the valve described in the paper has good features, and the 
author has done a real service to the profession in giving informa- 
tion about it in such detail. 

The writer feels that the control valve shown in Figs. 9 and 10 
would be very expensive and quite impossible for any but the 
very large plants. There may, however, be ways of effecting a 
similar movement of the cone in a simpler way and, if so, the 
writer would like information about them. The writer also thinks 
that some details of the recording devices used in producing the 
curves of Figs. 12, 13, and 14 would be of much help to those 
working on water-hammer problems, and hopes the author will 
add this information to his paper. 


A. HoLuanper.* This paper is a worthy complement to the 
author’s former paper,* disclosing the method of analysis and the 
means of reducing the pressure rise in a large pumping system. 
It shows that a relatively inexpensive rotating-cone valve, which 
continues the diffusion of the pump-discharge taper without any 
additional loss under normal operating conditions, is the only 
direct regulating means required for such a system. The in- 
direct means are a constant-pressure oil supply and the Wood- 
ward actuator-type governor. This is the first application of this 
turbine governor in a pumping plant, where it serves as a pilot 
valve for the oil-pressure-operated cone valve. The very com- 
plete model experiments included the combined pump-and-valve 
behavior under transient conditions. In reference to these, the 
writer would like to ask whether both directions of rotation from 
open to closed were explored, as they would undoubtedly give 
different results for reverse flow, due to the different entrances 
into the volute. 

It is interesting to note that the valve coefficient K (should be 
designated as ¢)’ is increasing from open (0 deg) to closed (6s 
deg) with an inflection point at around 55 deg. If this coefficient 

Agate v? 
is referred to the gate area actually open, H, = — = c 29 (it 
should be corrected to read this way in the first paper),* then the 
coefficient c shows a maximum at about 38 deg from open.* The 
two coefficients with the areas at different openings and time rate 
of opening give a complete picture of the valve effect. 

The writer would suggest that in the time-history diagrams’ 
the term “quantity” be changed to “flow” or “flow rate” as this 
is what it means. Furthermore, it should be understood, that 
this flow, as a function of time, refers only to the flow at the point 
where the pressure is measured, i.e., to the sections next to the 
valve, “head on line” at ‘the pipe-line side, and “head on pump 
at the pump side of it. For these sections, the flow being pre- 
portional with the velocity, a velocity-time diagram in percentage 
becomes identical with the flow-time curves and therefore coulé 
be designated as a velocity-wave curve at these points, in the 
same manner as the head curves are actually pressure-wave curve: 
at the same sections. For better understanding of the phenome 
non, this would be helpful, as the differential of the velocity: 
time curve gives the acceleration of flow. 

The very excellent graphical solution’ of Professor Berger! 

¢ Chief Engineer, Byron Jackson Co., Los Angeles, Calif. Mem 


A.S.M.E. 

7 ‘Symposium on Water Hammer,’’ Recommended Standard Sy™ 
bols, A.S.M.E., 1933, p. 8. 

8 Ref. 3, Fig. 4. 

* Ref. 3, Figs. 3, 6, 7, and 8; present paper, Figs. 13 and 14. 

10 “‘Pompes centrifuges et usines elevatoirs,”’ by M. L. Bergero® 
La-Technique Moderne, March 1, 1935. 
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PEABODY—PUMP DISCHARGE VALVES ON THE COLORADO RIVER AQUEDUCT 


reproducing the numerical data in a diagram would help further 
to illustrate the phenomenon step by step. 

The author calls attention to the very short but powerful elec- 
trical-braking effect of the motor, during the time interval be- 
tween the opening of the energized circuit at a far-away point 
and the opening of the control that takes the motor off the line. 
The importance of this effect in this case is clearly shown and 
ealls for inclusion of this factor in analyzing similar problems. 

The publications describing the great project of the aqueduct 
of the Metropolitan Water District of Southern California, in- 
cluding the author’s two papers, show that they blazed new trails 
in many fields and by giving all details made notable contribu- 
tions to the art of designing and building of great waterworks. 


Ray S. Quicx.'! The author and his associates are to be con- 
gratulated upon the excellent test results secured in the control of 
pressure surge and reverse flow in the discharge lines of the pump- 
ing plants on the Colorado River Aqueduct of the Metropolitan 
Water District of Southern California. The prediction of the 
surge with respect to valve timing shows a satisfactory agree- 
ment with the test results and confirms the engineering principles 
developed and used in the calculations. 

The pumps for the Intake and Gene Plants were manufactured 
in the San Francisco works of The Pelton Water Wheel Company 
in collaboration with the Byron Jackson Company. The dis- 
charge valves for the Eagle Mountain and Hayfield Pumping 
Plants were manufactured jointly by The Pelton Water Wheel 
Company in San Francisco and by the Chapman Valve Manu- 
facturing Company, the cover and operating mechanism having 
been designed and furnished by Chapman. When it is realized 
that the completed valve, illustrated in Figs. 6 and 8 of the paper, 
has an approximate weight of 50,000 lb, the problems of manu- 
facture and handling will be appreciated. 
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(Hydraulie cone valve, 40/2 in. by 537/s in.; Eagle Mountain pumping 
plant.) 


It may be of interest to consider further the performance of 
the discharge valves as tested at the Eagle Mountain Pumping 
Plant where the degree of control of pressure surge and reverse 
flow was equally satisfactory to that at Gene as reported by the 
author. Three sets of curves, Figs. 15, 16, and 17, are submitted 
to show the history of the valve action with respect to time for 
the conditions of normal opening, normal shutdown, and emer- 
gency shutdown, respectively. Opening, as illustrated in Fig. 15, 


—_ 


_'' Chief Engineer, The Pelton Water Wheel Company, San Fran- 
cisco, Calif. Mem. A.S.M.E. 
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takes place only under normal conditions, with the pump running 
and with pressures substantially equalized on both sides of the 
valve. Since the rate of opening is controlled by the actuator 
unit developed and furnished by the Woodward Governor 
Company, with timed motor control, the forces on the operating 
mechanism are moderate and there is little or no pressure dis- 
turbances. Likewise, normal closing, as shown in Fig. 16, in- 
volves forces of moderate magnitude and little or no pressure 
disturbance, as here again the control motor is used to produce a 
steady rate of movement. These two cycles of normal opening 
and normal closing are used under operating conditions as there 
is no occasion to bring about emergency closure, except in case 
of power failure or other abnormal operating condition, requiring 
rapid shutdown. 

The performance, shown in Fig. 17, illustrates the condition of 
emergency closure. It is interesting to note that, even under these 
conditions, the forces upon the operating piston are moderate and 
the reserve available at full pressure leaves a factor of safety of a 
very satisfactory amount. The greatest force is developed when 
wedging the plug into the seat in the closed position, as here it is 
desired to have a watertight closure. In the open position, the 
plug is very lightly wedged, in order that a wide margin of operat- 
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ing force may be available for emergency closure. When it is 
considered that the available force in the operating cylinder is 
about 115,000 lb, the factor of safety even for wedging is on the 
order of 3. 

Laboratory tests conducted on the model cone valve showed 
the presence of a definite closing torque with hydraulic flow 
through the partially closed valve. This closing torque, how- 
ever, is of relatively small magnitude. A study of the figures 
confirms this evidence and demonstrates that the greatest load 
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on the operating mechanism occurs in the act of wedging the plug 
into the seat. 

During the tests covered by the foregoing figures, the normal 
pressure in the discharge line was about 196 lb per sq in. On 
power interruption, the dip in pressure reached a minimum average 
of 162 and a maximum average of 207 lb per sq in. Thus the rise 
in pressure was only 5.5 per cent above the pumping head. These 
tests are well within desired limits and demonstrate conclusively 


the effective control of surge. 
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Cavitation of Hydraulic-Turbine Runners 


By R. E. B. SHARP,' PHILADELPHIA, PA. 


This paper contains a brief analytical discussion of run- 


ner cavitation. The I. P. Morris cavitation equipment is Vu— = . [2] 
described, and results with this apparatus are compared we 
with those of the Holtwood laboratory. A calibration WQe u 

Where HP = , multiplying Equat 2] by ———, we have 
gage in the development stage is also described. Strobo- (2] 550 
scopic apparatus for photographing runners during opera- 
tion under cavitating conditions is illustrated, and various WQe - WQu (Vu, — Vue) = 2nF RN with N = RPM 
photographs above and below the sigma break are repro- 550g X 590 550 60 
duced and discussed. A comparison of the index test of a u es wa... 
prototype with a model at the same value of sigma is sub- ar D=1ft,R = 5,W = 62.4,F = y (Vu — Vuze) 
mitted. 


= tangential force acting on blades at radius R. 
HE sigma break of any hydraulic-turbine runner is con- Consider as Q the discharge through an annulus of Ar radial 
sidered as the value of sigma at which the performance depth. 
characteristics begin to undergo a change due to cavitation. Fig. 1 and ho 
This value increases with the specific speed of the runner, i.e., the ponent of F; which for this — - a ered as acting on 
greater the specific speed, the greater, in general, must be the al- the angle @ with the tangential, this angle being such that the 
lowance for pressure drop H, — H, on the back of the blades in direction of the force F; bisects the angle between », and o» 


i The various steps are indicated in Table 1. Item 21 represents 

- the usual Thoma formula (1).? 

the area plotted between L, and h,, the differential blade pressure 
Sigma = — a with H, as the height of the water barome- __ in feet, projected in the direction of rotation in the annulus Ar to 


4 
3 
4 
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produce each of the specific speeds under consideration. In Fig. 
1, these areas are shown at the right-hand portion of the figure. 
Admittedly the shapes are inaccurate, but the areas serve to 
indicate the intensity of differential pressure to produce the three 
specific speeds selected. The minimum pressure is plotted as 
sigma H, these values in each case being about those usually en- 


ter and H, the vertical distance from the center line of the 
runner; or more strictly, from the local point of lowest pressure on 
the blade, to the tailwater elevation. The reason for this increas- 
ing value of H, — H, with increasing specific speeds is due to 
several factors, namely, the greater pressure differential neces- 
sary on the two sides of the blades, the greater absolute velocity, 


2 
_ and greater relative velocity at discharge. countered. Sigma H is made up of the terms, = xX draft-tube 
_ _ In order to present an approximate comparative picture of the 9 . 
4 increase in differential blade pressure with increasing specific efficiency plus the term K.H (2). The expression Vert x ed 
; speed, Fig. 1 and Table 1 have been prepared. Runners of three 


different speeds have been arbitrarily selected, these values being _Tepresents the pressure drop due to head regain in the draft tube. 
50, 80, and 135; the two former speeds falling within the usual The term K.H represents the local pressure drop on the blades. 
range of Francis-type runners, and the latter of propeller runners. The portion of the blade pressure lower than that corresponding 
The proportions and velocities selected correspond with usual With tailwater level or zero on the head scale is a much greater 
practice, and the method employed at arriving at the approxi- Proportion of the total for the propeller-type runner than for the 
mate pressure differential is based on the efficiencies being nor- Francis type of lower specific speeds. A region of relatively low 
mal, without excessive losses. Inflow and outflow diagrams are Pressure has been shown for the backs of the blades at inflow. 
indicated, these being taken in all cases for the sake of simplicity This is to some extent the result of actual observation of cavitation 
at the runner throat or periphery with the flow axial, i.e., without (for the propeller type) as discussed later, and is also in line with 
radial component. In every instance both the runner diameter measured values for airfoils. This same tendency, as indicated by 
and the head acting are considered as 1 ft. pitting, apparently exists to a minor extent on Francis-type run- 
The basic-energy relation as set forth by the Eulerian theorem ners. The greater preponderance of positive differential pressure 

in the Francis runners (above 0) with a relatively small amount be- 

low the 0 line is the reason for the difficulty of determining by test, 

with lower specific speeds, the definite location of the sigma break. 
where u; and wu; = velocity of rotation in feet per second at inflow In other words, loss of head due to cavitation on the backs of the 
and outflow, respectively; Vu; and Vu; = components of the _ blades has a relatively small effect on the force causing rotation. 


is 


absolute velocity V; and V; in the direction of rotation; g = The intensity of the differential pressure could, of course, be 

) acceleration due to gravity; H = head; and e = hydraulic reduced for the propeller runner by increasing the blade length, 

4 efficiency. With wm = w= uandH = 1 but to do so would so increase the friction loss that, with the high 

a ae ae relative velocities existing, the value of ¢ at which maximum 

E | * Numbers in parentheses refer to the Bibliography at the end of Pitot-tube traverses taken just below a propeller-type — 

4 the paper. at a steep blade angle demonstrate that the axial velocities are 


. ' Contributed by the Hydraulic Division, and presented at the materially lower at the wall of the tube than further inward and 
ie Pring Meeting, Worcester, Mass., May 1-3, 1940, of Taz AMERICAN __ indicate the increasingly severe conditions as regards cavitation 
Society or MECHANICAL ENGINEERS. 


e Note: Statements and opinions advanced in papers are to be for some distance in from the periphery of propeller-type —— 
)) “xderstood as individual expressions of their authors and not those When operating at the steeper blade angles. This condition has 

§ of the Society. been taken into account in the diagrams of the propeller-type 
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Ng = 


80 FRANCIS TYPE 


Ns=!35 PROPELLER TYPE 


06 04 02 04 06 


ha, Feet 


Fie. 1 


runner in Fig. 1; that is, the value of Vm, in that figure is less 


TABLE 1 


DATA ON RU 


SHOWING INCREASE IN DIFFERENTIAL BLADE PressuRE WITH INCREASE IN SPECIFIC SPEED 


NNERS USED TO COMPARE ae 


than that corresponding with the average flow for this runner. 

Traverses taken at lower blade angles show that this condition of Propeller . 
relatively low velocity at the wall of the tube dies out for lower Item? -——Francis type——~__— type 

flows. On this account, and in consideration of other test data, (1) Ns = RPM J/ es oe keas 50 80 135 

the flow for the two lower specific speeds in Fig. 1 has been con- on 6 i 
sidered as uniform across the runner discharge in arriving at the (3) w coc? 20H, where H = 1 oe a aa 
differential areas shown. D. 42 Us 2.8 

The increased cavitation tendency of runners of higher specific water Toakes with rotation, deg 80.5 69.5 
speed is also aggravated by the increased relative velocity. The hares, “tos. 12 ; 
pressure existing at any point on the blade where water tends to (6) + 4.66 4.61 
leave the surface is a function of the square of the relative veloc- — Von, 4.26 341 13 
ity. Fig. 1 indicates by the comparative values of and»: forthe (8) | 
different specific speeds how much greater this sensitivity is with (9) Area of annulus, of Ar radial depth oa : ; 4 
the increased specific speeds, with resulting need for finishing of 
the blades true to contour. (10) Quanthy Sowing thioagh 

That portion of each area, in Fig. 1, representing intensity of 0.566A4r 0.7934r 1.02547 
differential blade pressure which is below 0 on the head scale in (11) F = ne (Vu — Vu2) = *ao) x \ 4 
the figure, is a function of Vm, and v2. These values, as has been 4.68ar  5.24ar 254" 
pointed out, increase with specific speed; and in addition, the relative 33 
ratio of the maximum to the average values of Vmz and v2, under- (14) Bi + ig deg 54.5 
goes an increase. As a consequence, certain portions of the blade Pp ay) 
may have a value of sigma H appreciably greater than the sigma (15) cos 8.05 dr 92 Ar 
H as determined by the change in performance characteristics. 
This even with runners having sharp and well-defined 3.445 6.39 
sigma-break curves. (15) 

ye not economically practicable to have the margin between 
the sigma break and the plant sigma sufficient to insure the ab- (Fi also = are x A) where ha = : 
sence of cavitation on the entire blade surface on this account. differential blade pressure in ft of 
It is, therefore, becoming common practice to preweld portions of 2.304 
the runner blades with stainless steel where the operating head is Shwe  aetiareas plot- “ 
above about 50 ft, in addition to providing a margin between the 


Fig. 2 is a view of a turbine-runner blade before being welded. 
It will be noted that the portion prepared for welding extends 
along the entire periphery with a greater portion near the inflow 


@ Numbers in parentheses in this table are key numbers not to be confused 
with Bibliography. 
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edge, and also near the outflow edge. In addition, a strip of 
rolled stainless steel is welded to the periphery of the blade, the 


Fig. 2) Berore BEING PREWELDED 
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need for which is discussed later. The portion of the blade which 
is to be prewelded is cast with a depression about '/, in. deep, and 
stainless steel containing essentially 18 per cent chromium, 8 per 
cent nickel, and with the carbon limited to about 0.08 per cent 
(3), is welded as indicated, precautions being taken to prevent 
distortion of the blade during this process. 


CAVITATION LABORATORY 


The need for the convenient and prompt determination of the 
cavitation characteristics of model propeller runners resulted in 
the construction of the I. P. Morris cavitation equipment (5) in 
1938, at Eddystone, Pa., Fig. 3. This involves essentially a 
closed circulating system with a service pump located about 8 ft 
below the floor, thus permitting relatively high values of H, in the 
turbine draft tube without having as high values at the pump. 
A calibrated venturi meter measures the discharge. The tests 
are run under heads up to 35 ft. This equipment is designed 
primarily for tests of propeller runners of 11 in. throat diam, 
although it is possible in the case of Francis-type runners to in- 
crease this dimension. It is also designed for the cavitation 
testing of pumps. Variations of sigma are obtained by changing 
the pressure throughout the system (see Appendix for engineering 
data and equipment pertaining to cavitation equipment). 
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Fie. 3 GENERAL ARRANGEMENT OF I. P. Morris 
CAVITATION LABORATORY 
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Fic. 4 Comparison oF I. P. Morris LaBoratory 11-IN. RUNNER Mopet WitH Lasporatory 16-IN. Prototype 


This equipment was designed to permit the air to be separated 
from the water as much as possible, with the recognition that an 
undue air content would affect the sigma-break values (3, 4). 
The vertical pressure tank permits the air to rise to the top where 
it may be drawn off. However, it was later found advisable to 
add the air trap in the suction tank, and this has been the most 
effective means of air elimination since most of the air separation 
takes place in the draft tube. Particular attention has been 
paid to the possibility of air leaks in the suction tank and at the 
stuffing box to the service pump, where a water seal has been pro- 
vided. 

To calibrate this equipment as to efficiencies obtained and as 
to sigma-break values, a comparison was made with the Holtwood 
laboratory of the Safe Harbor Water Power Corporation by con- 
structing and testing an exactly homologous but smaller (11-in. 
runner diam) model, for comparison with the Holtwood test of a 
16-in. similar model. This particular 11-in. model is used as a 
standard at the I. P. Morris laboratory for check tests from time 
to time. Fig. 4 shows the results of a recent (March, 1940) test 
as compared with the Holtwood test made during June, 1935. 
The lower efficiencies at Eddystone are consistent with the smaller 
runner diameter, and the power and shape of the performance 
curves check closely. 

The lower portion of Fig. 4 shows the comparison of sigma 
breaks for three values of ¢. The upper set of curves is based on 
the break in efficiency and the lower set on quantity. While 
there is somewhat of a difference at 1.94, particularly on the 
quantity basis, the remaining curves check fairly well. At least, 
there is no systematic tendency for the 11-in. Eddystone results to 
show a higher sigma break due to air content. The tests were 
made at heads from 27 to 30 ft at Eddystone and under heads of 
40 to 60 ft at Holtwood. It has subsequently been found neces- 
sary to keep above the 25-ft head at Eddystone to avoid an in- 
crease in sigma break due to air content. It is probable that this 
lower limit could be reduced if this were a noncirculating system. 

In an effort to provide a means for determining whether or not 
or to what extent cavitation exists in a given turbine without re- 
course to measurement of change of characteristics, the device 
shown in Fig. 5 has been tried, with partial success. This device 
as tried out up to this time has been installed in the throat ring of 


OCTOBER, 1940 


} 
+—+ - + 
+ + t + 
| | 
| 
itt 
| | | || 
| | | 
) 
| 
| 
sis | } a 
‘| 
[32 + + + 
+ 4 + + 
| 
+ + + + + + + 
| 
CAYATAYION GAUGE READING 
form. ds. oF - 
| OATS 1231899 
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Fic. 6 Strroposcopic EQUIPMENT FOR STUDYING CAVITATION 


Fic. 7 Stroposcopic VIEW OF PROPELLER-TyPE RUNNER (MODEL 
128) With Fixep BLApEs 
{Test No. 617; water temperature = 68 F; head = 32.32 ft; he = —0.94 ft; 
efficiency = 86.8 
= 4.) 


» = 5.15; sigma = 1.055; HP: = 0.272; Qi = 
per cent; @ = 1.60; break at sigma 
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the turbine. The functioning of the device is based on the change 
in resistance between the points A and B to an electric current, 
when operating in cavitation-free water as compared to water 
with cavitation present. The change in current, in comparison 
with the measured change in characteristics is indicated in this 
figure. For ¢ = 1.61, it may be noted that the change in resist- 
ance takes place at about the same value of sigma as that at which 
the power developed and discharge start to change; whereas, at 
the higher value of ¢ (1.805), the performance characteristics 
undergo a change somewhat prior to the change in resistance. A 
gage of this sort may have possibilities in view of the ease in ob- 
taining readings at any time during the operation of the turbine. 


PHOTOGRAPHIC RECORD OF RUNNER TESTS 


With a view of having the report of each runner tested include 
photographs of the location and progress of cavitation for de- 
creasing values of sigma, at different values of ¢ stroboscopic 
equipment, as indicated in Fig. 6, has been provided in connection 
with the I. P. Morris cavitation equipment. This too is yet in a 
state of development. 

The elbow portion of the draft tube has been provided with an 
opening covered with ‘Plexiglass’ which conforms with the 
curved portion of the tube. Below this is a flat glass opening, the 
space between these parts being filled with water during operation 
to eliminate distortion of vision. An Edgerton stroboscope is 
located on one side of a partition below this opening, with the 
other side of the partition used for visual study or for photogra- 
phy. 

The stroboscope is wired to a commutator geared to the turbine 


Fic. 8 Srroposcopic View or PROPELLER-TyPE RUNNER WITH 
Fixep BLapEs WHEN OPERATING JusT ABOVE SIGMA BREAK 


(Test No. 617; water temperatures = 68 F; head = 32.22 ft; Hs = +16.21 
ft; 0.8 H» = 5.10; sigma = 0.525; HP; = 0.271; Q: = 2.75; efficiency = 
87 per cent; @ = 1.60; break at sigma = 0.44.) 
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shaft and normally flashes once at each revolution, thus giving a 
view of each separate blade rather than a composite effect. Time 
exposures have been found necessary, even with the most sensitive 
film available, due to the limited amount of light possible for 
photography. An alternate method has been used sometimes 
whereby photographs with single flashes were taken, requiring a 
special condenser for increasing intensity. A lens is provided 
above the stroboscope to confine light rays as much as possible to 
the runner blades. The photographs taken with sigma values 
well above the break, i.e., with relatively high pressures in the 
draft tube, have been quite successful. However, as the sigma is 
lowered with consequent reduced draft-tube pressure, the water 
_ below the runner becomes cloudy due to air coming out of solu- 
tion, with resulting interference to the photography. Unfortu- 
nately, the photographs reproduced in this paper were taken dur- 
ing the winter months, and it was not practicable to raise the 
water temperature and thus reduce the amount of air in solution. 
It is expected that photographs taken during the summer months 
with water temperatures as high as 85 F will show better results. 

Figs. 7 and 8 are stroboscopic views of a propeller-type model 
runner 128 with fixed blades and with the periphery of the blades 
turned cylindrical to give minimum clearance throughout their 
entire length inside of the cylindrical throat ring. 

Both photographs were made at ¢ = approximately 1.60. Al- 
though best efficiency is at ¢ = 1.55, it will be noted from Fig. 7 
that cavitation starts at the intake edges on the backs of the 
blades near the periphery, at sigma values considerably higher 
than the break. This condition is doubtless aggravated at ¢ = 
1.55 where efficiency is maximum. The obvious suggestion for 


Fic. 9 Kapian-Type Runner 142-D aT SIGMA 
BrEAK 

(Test No. 616-II; water temperature = 60 F; head = 30.67 ft; Hs = +8.11 

ft; 0.8 Hy = 8.27; sigma = 0.815; HP: = 0.33; Qi = 3.53; efficiency = 82.3 

per cent; ¢ = 1.60; break at sigma = 0.81.) 
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the correction of this condition is to design the blades with 
a steeper angle of intake where the cavitation takes place. This 
steeper angle results in excessive blade curvature, and reduces the 
efficiency and power at higher values of ¢, which is quite unde- 
sirable, particularly where heads below normal are encountered. 
The efficiency performance of this runner, the unusually low and 
sharp sigma break, and the occurrence of cavitation at this point 
on many other runners leads to the belief that this may be a nor- 
mal condition. This is also the point of minimum pressure on 
efficient airfoils (8). 

Fig. 8 gives a very indistinct idea, due to air separation, of con- 
ditions as the sigma break is approached. With the sigma break 
at 0.44, Fig. 8 indicates the cavitation extending along the blade 
but still with a greater amount at inflow than at outflow. Some 
cavitation has appeared near the hub. It may be noted that in 
neither of these illustrations is there any indication of cavitation 
at the periphery due to flow through the clearance spaces. This 
is in sharp contrast with conditions indicated later with Kaplan- 
type runners, where the clearance at most of the periphery is 
necessarily greater. 

Due to the manner in which the water clouds in these photo- 
graphs, preventing a clear view of extensive cavitating conditions, 
it is planned to redesign the equipment in the I. P. Morris labora- 
tory by lowering the turbine so that, by having a portion of the 
throat ring and upper draft tube transparent, the light can be in- 
troduced in a radial direction from the side, with observations and 
photographs made from adjacent points. This will permit ob- 
servations of the face side of the blades, with a much shorter dis- 
tance for the light to travel. The photographs show, however, 


Fie. 10 Kapuan-Type Mopet Runner 142-D 
HiGHER SPEED AND BEYOND SIGMA BREAK 

(Test No. 616; water temperature = 65 F; head = 29.5 ft; Hs = +4.16 ft: 

sigma = 0.972; 0.8 Hv = 10.55; HP: = 0.361; Qi = 4.06; efficiency = 15.9 
per cent; @ = 1.80; break at sigma = 1.05.) 
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Fig. 11 


Kapian-Type Mopet RuNNeR 148 at Sigma BREAK, 
SHOWING CAVITATION AT HuB AND AT PERIPHERY 


(Test No. 618; water temperature = 63 F; head = 29.74 ft; Hs = —6.04 
ft; sigma = 1.307; HP: = 0.359; Qi = 3.97; efficiency = 79.8 percent; ¢ = 
1.60; break at sigma = 1.30.) 


where cavitation is initiated and this is important as indicating 
the location of faults in design, or the desired location for pre- 
welding. 

Fig. 9 is a view of model No. 142-D which is of the Kaplan type 
with spherical throat ring. The value ¢ being 1.60 is slightly 
above that at best efficiency. Sigma is 0.814, the break occurring 
at 0.81. Cavitation is occurring at the periphery, at the intake, 
and through the clearance space just upstream and downstream 
from the blade axis where clearance is a minimum. Cavitation 
near the hub indicates rather too abrupt blade curvature, about 
at the blade axis. 

At ¢ = 1.8, Fig. 10, sigma 0.972, break 1.05, the disturbance 
at the hub is accentuated, with indications of outward radial com- 
ponent of flow due to the higher whirl component Vu. The 
cavitation in the clearance space is also aggravated with streamers 
extending some distance beyond the ends of the blades. Punish- 
ment of the throat ring at the blade discharge is indicated. This 
latter condition exists to a lesser degree at this ¢ (1.8) well above 
the sigma break. 

Figs. 11 and 12 show model No. 148 at ¢ = 1.60 with sigma = 
1.307, 0.817, respectively, where the sigma break is at 1.3. The 
marked increase in cavitation at the hub will be noted. The 
entire series of photographs taken of this runner at ¢ = 1.4, 1.6, 
and 1.8 shows an interesting feature, namely, that cavitation at 
the periphery develops prior to the break in sigma, particularly at 
low values. Cavitation near the hub tends to develop later 
and, at least on this runner, it is the cavitation at this point 
rather than at the periphery which affects the performance by 
reducing the output and efficiency. It, therefore, appears that 
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Fig. 12. Kaptan-Type RUNNER Mopet 148, OperRatTinG Far Be- 


YOND Sigma BREAK 


(Test No. 618; water temperature 63 F; head = 30.5ft; Hs = +8.06 ft; 
sigma = 0.817; HP: = 0.330; Qi = 3.80; efficiency = 76.6 per cent; ¢ = 1.60; 
break at sigma = 1.30.) 


this is the portion of this runner which should be altered for im- 
provement. In general, these studies show the importance of 
the blade design near the hub, also the need for smoother hub 
surface between the blades. Cavitation near the hub, however, 
seldom if ever results in pitting of the prototype due to the low 
relative velocity v, or more improbably, to the voids at this point 
on the runner not collapsing on the runner-blade surface. 

Model No. 148 was made exactly similar to a former model with 
the exception that the blade axis was moved further downstream 
on the blade. The same blade pattern and templates were used, 
but with a shift in the axis. This change has had the effect of 
improving the efficiency and sigma break. The effect of this 
change is to reduce the clearance between the throat ring and the 
outflow portion of the blade, and the change is consistent with the 
improvement found with a properly designed spherical throat 
ring as compared to a cylindrical throat ring. 

It is believed that the proper interpretation of stroboscopic 
photographs of runners is a valuable means of eliminating faults 
in design. The relation between the progressive change in cavi- 
tation with decreasing sigma to the change in performance can 
be used in deciding on the changes to be made for expected im- 
provement. However, a liberal number of photographs showing 
the progressive changes are essential. By constructing the 
blades of a tough, ductile bronze, the same ones may be used for 
a large number of different blade shapes. Plaster of Paris forms 
may be kept as a record for each change made. Accurate tem- 
plates are, of course, necessary for each change, to insure all blades 
being uniform for each test made. 

In connection with the disturbance in the clearance space, Fig. 
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Fig. 14 Comparison OF SIGMA BREAK ON THat ON Prororyrre 


(A = 16-in. model tested with high sigma; B = 11-in. model tested with sigma same as prototype; C = 109.5-in. prototype unit No. 1; D 100. 5- 
in. prototype unit No. 2.) 


SPHERICAL THROAT RING | 
— — CYLINDRICAL THROAT RING 


break on the model and on the prototype. In this instance the 
model is homologous to the prototype throughout, including in- 
take, casing, and draft tube. The prototype was not tested as 
{| 1 | sto efficiency but the power was recorded accurately, and an index 
test was made by taking readings of Winter-Kennedy piezome- 
| 1 hm: | ters in the casing and stay ring. The maximum efficiencies 
| | | | shown are those stepped from the 16-in. model runner to a diame- 

ter of 109.5 in. by the Moody formula (10). Those of the Ll. FD 
—+—+-+—+ ___ in. model have been arbitrarily stepped up to give the same maxi- FD 
mum value as have those of the prototype. | 
The 16-in-model test was made at high sigma values, and is, 
therefore, not affected by cavitation. The 11-in-model test was 
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| | a | made at the same sigma as the prototype. Some increase in >_ 

| prototype power is noted over the 11-in. model, with fair agree- 

ment in the form of the curves. ; 

+ a + ate The flash photograph of runner No. 148, taken with a special PO 
4 a: condenser which is necessary to increase the intensity of the light i 


to permit such a photograph, is shown in Fig. 15. This is at blade 
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Fig. 13 Curves SHow1nG RELATIVE CAVITATION AND EFFICIENCY 
PERFORMANCE OF KapLaNn-TypPpE RUNNERS WITH SPHERICAL THROAT 
RING AND STRAIGHT CYLINDRICAL THROAT RING, RESPECTIVELY 


13 is introduced to show the relative performance (6, 7) as to 
efficiency and cavitation of a Kaplan-type runner (a) with 
spherical throat ring the same as used previously, and (b) with 
straight cylindrical throat ring. The former results in less clear- 
ance space disturbance but puts a greater burden on the draft 
tube due to the smaller minimum diameter of the throat ring. 
The latter is important when it is remembered that draft-tube 
losses vary with the fourth power thereof. The improved results 
with the smaller clearance space emphasize the importance of 
the spherical shape, if properly designed. 
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position No. 3 with @ = 1.595, HP; = 1.722, Q, = 1.82, efficiency 
= 86.0, and o = 0.648. Sigma break under this condition occurs 
at 0.4. 

This vortex, it will be noted, appears to form in the hole in the 
center of the hub and is rotating with the runner. A time expo- 
sure taken under this condition would merely show a blurred 
effect even with the stroboscope, due to the rotation of the spiral 
vortex not being in synchronism with that of the runner. As the 
o was reduced to a value nearer the break, this vortex disap- 
peared. The gate opening at which this photograph was taken 
is such that this would represent an actual operating condition 
at this value of @ when the load on the turbine is reduced to 
slightly more than half of the normal value. 

Acknowledgment is made of the helpful suggestions of L. F. 
Moody in the preparation of this paper, of the assistance of R. B. 
Willi, and of K. W. Beattie in connection with the photographs 
and test data included. 


Appendix 


I. P,. MORRIS CAVITATION LABORATORY 
GENERAL Data AND EQUIPMENT 


Diameter of runners tested: 11 in. 

Head on turbine: 25 to 35 ft. 

Variation of sigma: Accomplished by changing pressure in 
system upstream from turbine from below atmospheric to 20 psi 
above atmospheric. 

Water supply: Closed circulating system with cold water con- 
nection automatically added from city main as make-up, and to 
regulate temperature. Volume of water in system about 500 cu 
ft. 

Service pump: Designed for 25 cfs at 35-ft head; driven by 
125-hp slip-ring motor, 220 v, 580 rpm rated speed. Possible 
speed regulation to one-half normal in eleven steps. 

Water measurement: 24-in. by 10-in. venturi meter; cali- 
brated by Professor Pardoe at the University of Pennsylvania. 

Dynamometer: Specially built, using 40-hp 1200-rpm d-c 
motor reinforced for higher speeds. Dynamometer carried by 
cradle mounted on ball bearings. Torque measured by a Fair- 
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banks beam scale connected through flexible steel tape to 
dynamometer frame. Electrical output dissipated in heat. 

Pressure tank: 48 in. diam, 10 ft high, with supplementary air 
tank at top. Water level in this tank automatically controlled 
by float valve. 

Head tank: 48 in. diam with float bottom, 7 ft 6 in. long. 

Draft-tube discharge tank: 54 in. diam, 4 ft long, with trap 
for collection and drawing off air. 

Gages and instruments: Head and water measurement pot- 
type mercury gages; rpm dial revolution counter, with electric 
release controlled by clock; atmospheric-pressure mercury 
barometer checked at intervals from weather bureau; instrument 
for measurement of air content in water, as developed at Mas- 
sachusetts Institute of Technology. 

Stroboscope: ‘Strobulux” controlled by ‘“Strobotac,’”’ type 
648-A, manufactured by Generali Radio Corporation. 
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Combined Tension-Torsion Tests on 


a 0.35 Per Cent Carbon Steel 


By E. A. DAVIS,' SO. PHILADELPHIA, PA. 


This paper contains the results of a group of combined 
tension-torsion tests on both cylindrical and notched bars. 
The author has tried to keep in mind the close relation 
between this type of test and the problem of bolting. 
The test results show the amount of reduction in the ulti- 
mate tensile strength when a torque is applied in combina- 
tion with the tension load. They also show a similar 
reduction in the torsional strength when a tensile load is 


added. 


N general practice, it frequently occurs that some mem- 
] bers of a structure or machine carry loads in both tension 

and torsion simultaneously. It is pretty well known or it 
may be logically deduced that the addition of a torque to a bar 
already stressed in tension will reduce the tensile load-carrying 
capacity of the bar. The amount that the tensile strength will 
be reduced, however, is not so well known, and engineers in 
general have tried to avoid this type of loading wherever either 
the tension or the torsional stress is likely to be high. 

A typical example of this combined tension-and-torsion loading 
is a bolt which has been tightened by a wrench. As the nut is 
being drawn up, the twisting moment of the wrench is applied to 
the bolt and there is a danger that the bolt may be strained in 
torsion to the extent that it will not support its load in tension. 
Because of this danger, methods have been developed for reduc- 
ing this twisting moment in the tightening of large bolts. It is 
quite common practice in the assembly of large bolted parts to 
expand the bolts by heating to such an extent that the nuts can 
be turned up just enough to give the bolts their proper working 
stress when the bolts are at the same temperature as their sur- 
roundings. 

In some large alternating-current generators, the rotors are 
made up of several forged disks which are bolted together with 
long axial bolts. These bolts are drawn up to a given load by a 
“bolt puller” and the nuts are tightened by hand. 

Unfortunately not all bolts can be tightened in this manner 
and often it is necessary to draw them up with a wrench. With 
this in mind, the present investigation was carried out in an effort 
to determine just what effect a superimposed load in one direction 
has on the strength of a bar carrying a second load in another 
direction. In order to do this, several sets of combined tension- 
torsion tests were made. In one set, various fixed amounts of 
tensile load were superimposed upon constant-strain-rate tests in 
torsion. This set contained one pure torsion test (zero tension). 
In another set, fixed amounts of torque were maintained while 
the bars were pulled at a constant strain rate in tension. In 
this instance, one of the tests was a pure tension test (zero torque). 
Another test was run in which the strain rates in both tension 
_ ‘Land Turbine Engineering, Westinghouse Electric & Manufactur- 
ing Company. 
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and torsion were kept constant. Since these tests are closely re- 
lated to the problem of bolting, it was felt that the effect of 
notches and threads should be investigated in conjunction with 
these combined stress tests. Consequently, some of the foregoing 
tests were repeated on bars containing circumferential notches. 


THEORETICAL CONSIDERATIONS 


Probably the best approach to an understanding of the com- 
bined tension-torsion test would be to express the test results in 
terms of shearing stress and strain on some preferred set of 
planes in the material. For theoretical reasons, the best results 
would likely be obtained if the octahedral planes were chosen 
for making this analysis. These planes are the faces of a regular 
octahedron which is oriented so that its apexes point in the direc- 
tions of the principal stresses. A. Nddai (1)* has made such 
an analysis of a combined tension-torsion test on a plastic ma- 
terial having a uniform yield stress ¢ = o) = constant. The 
stress distribution under combined tension and torsion in a round 
bar is reproduced in Fig. 1, in which it is assumed that the ma- 
terial flows plastically over the entire cross section of the bar. 


Fic. 1 Stress DistrisuTion UNDER Puiastic FLow 1n CYLINDRICAL 
Bar SUBJECTED TO COMBINED ACTION OF AXIAL LOAD AND TWISTING 
MoMENT 


The distribution of the shearing stresses r and of the normal 
stresses o acting in the axial direction are plotted separately 
against the radius of the bar. It is to be noted that in the axis of 
the bar, a state of pure tension exists so that at r = 0 the stress 
in the axial direction is equal to oo, the yield stress of the metal 
in pure tension. Under these conditions, the tensile stress is 
confined mostly to the inner fibers, while the torque stress 
is carried by the outside fibers. 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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When one tries to apply a similar analysis to a solid round bar 
of a material which exhibits the property of strain-hardening, 
certain difficulties arise which make an analysis complicated. 
With a solid bar in torsion the stress-strain diagram is not directly 
obtained. The shearing-stress (r) versus the shearing-strain (-y) 
diagram is obtained from the moment (M) versus angle of twist 
(@) curve by the following relations (2) 


1 dM 


y = a6 


This stress and strain refer to the outside fibers of a bar of radius 
a. The expression for 7 involves the slope of the moment-angle 
curve and this may lead to difficulty in determining the shearing- 
stress distribution in a test where the applied moment is held 
constant. 

When tension and torsion are to be compared, another difficulty 
arises from the fact that the expressions for the strains become 


iq 


Fig. SPECIMEN 


complicated if the strains are large. This is especially true for 
the strains in the octahedral planes. Also, when a bar extends 
axially, the diameter decreases in order to satisfy the condition 
that the volume remain constant. Furthermore, since the shear- 
ing stress on the outside fibers depends upon the third power 
of the radius, a change in the stress will occur even though the 
applied moment is constant. Because of these conditions, 
the test results in this paper are given as diagrams in which the 
tensile stress is plotted as a function of the axial strain and the 
moment of the applied torque as a function of the angle of twist. 
The tensile stress that is plotted and referred to throughout. the 


paper is that based upon the original area of the bar (. = i). 


0 

The tension-torsion test is an example of a state of combined 
stress, a field in which a considerable amount of work has recently 
been done. The aim of most of this work has been to check the 
general conditions under which the ductile metals yield plasti- 
cally. Among the investigations of this nature which have been 
made, those by Lode (3) and by Schmidt (4) in Germany; by 
Taylor and Quinney (5) and by Cook (6) in England; and by Ros 
and Eichinger (7) in Switzerland may be of interest. A survey 
of the results of most of these tests was made by Nadai (8). 

The author in a former paper (9) attempted to show the rela- 
tion between tension and torsion tests on a solid bar of copper 
by expressing the results of both in terms of the shearing stresses 
and strains on the octahedral planes. 

The agreement was good in the region where the strains were 
small but, for strains greater than those corresponding to about 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1940 


15 per cent elongation in tension, the curves for the different tests 
separated somewhat. 

The present group of tests differs from most of the previous 
combined stress tests in that the stress-strain diagrams were ob- 
tained up to the point of rupture, while the others were con- 
cerned chiefly with the region in initial yielding. Also, in these 
tests the equipment was so arranged that either the tension or 
the torsion load could be held constant while the other was 
allowed to vary to suit the conditions imposed by a constant 
strain rate. 

MaTERIALs AND TEsT SPECIMENS 


In choosing a material for these combined tension-torsion tests, 
it was felt that certain characteristics would be desirable. If the 
results were to throw any light on the bolting problem the ma- 
terial should be similar to that generally used in bolts. It should 
be tough and not excessively ductile; however, a very strong steel 
would require that the dimensions of the test bar be small due 
to the limited capacity of the testing machine. Furthermore, 
the elongation associated with the yield-point region should not 
be too great, for this phenomenon is not observed to any appreci- 
able extent in the alloy steels commonly used in large bolts. As 
a compromise among these requirements, a medium-carbon steel 
(0.35 C) was selected for the tests. With this material a bar with 
a °/,»-in-diam test section could be used in the available equipment. 

A sketch of the test specimen is shown in Fig. 2. The 1-in- 
diam heads were used in order that reasonable torque could be 
applied through the threaded ends without too greatly tightening 
the threads in the grips. It was realized that, if the axial extension 
and the angle of twist were to be obtained for strains up to the 
ultimate strength, the extensometer would have to be clamped 
on the shoulders of the bar. This has the weakness that the 
active gage length is somewhat unknown. For purposes of com- 
parison, however, the actual gage length does not need to be 
known exactly. In these tests, it has been assumed that the gage 
length in each case was 3.1 in. 

It was felt that it would be desirable to compare the results of 
tests on bars containing notches and threads with those of the 
cylindrical bars. Two types of notches, a single and a compound 
notch as shown in Fig. 2, were designed. The compound notch 
was included in order to determine whether or not an adjoining 
notch had any tendency to relieve the stress concentration in the 
main notch. 

As a supplement to the combined stress tests on notched bars, 
it was decided to make up two mild-steel specimens, as shown 
in Fig. 3, and to stress them just to the point where yielding 
starts and then to show up the flow lines by the Fry etching 
method. The bars were 1"/; in. in diameter in the central section. 
One bar had about 1'/; in. of V threads, 8 threads per in., while 
the other had a single notch of the same dimensions as the V 
threads. These tests should show whether or not the flow in 4 
deeply notched bar of mild steel will be confined to the plane at 
the bottom of the notch where fracture will eventually occur or to 
what extent it penetrates into the heavier sections of the bar. 


TESTING EQuIPMENT 


Some years ago at the Westinghouse Research Laboratories 
on the suggestion of A. Nd&dai special equipment was designed 
for running constant-strain-rate tests either in tension or torsio? 
or in a combination of both. The machine is illustrated in Fig. 
4. The tensile load was measured on the regular Amsler dial 
while the torsion load was determined by measuring the deflec- 
tion of two springs attached to the upper head of the machine. 
An electrical contact device was used on the dial of the Amslet 


3 For this purpose a 10-ton Amsler testing machine was reco! 
structed by W. O. Richmond and B. Cametti. 
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Fic. 3 Test SPECIMENS FOR SHOWING WHERE INITIAL YIELDING 
Witt Occur 


load indicator to maintain a 
constant tension when desired. 
A similar contact device was 
arranged on the torsion springs 
so that a constant torque could 
be obtained. 

The strains were measured 
by means of the specially de- 
signed extensometer shown in 
vig. 5. As has already been 
mentioned, the extensometer 
was clamped on the shoulders 
of the test specimen. The ex- 
tensometer consisted chiefly of 
a frame which was clamped to 
the upper shoulder and a plane 
disk which was clamped to 
the lower shoulder. The axial 
strain was determined by two 
micrometer heads clamped to 
the frame in such a manner 
that they could measure the 
Separation between the frame 
and the plane disk. The angle 
of twist was measured by a 
roller attached to the frame 
Which rolled on the periphery 
of the disk. 


Test Resuurs 


Before any combined stress 
tests were run, the material 
Was tested in pure tension and 


Fia. 4 


ComBINED TENSION-TORSION MACHINE 


Fie. 5 Tenston-Torsion ExTENSOMETER 


pure torsion. The pure ten- 
sion test is curve J in Fig. 6. 
The ultimate strength was 
83,000 psi and the elongation 
at rupture was 27.3 per cent. 
In the pure torsion test, curve 
G in Fig. 7, the breaking torque 
was 237 lb-ft and the maxi- 
mum angle of twist was 584 
deg. 

In addition to the pure ten- 
sion test, Fig. 6 shows the con- 
stant axial strain-rate curves 
for bars upon which constant 
torques of 60, 118, and 199 
lb-ft were superimposed. The 
value of the axial strain and the 
angle of twist at rupture are 
listed at the end of each curve. 
It can be seen readily that the 
amount of axial strain is con- 
siderably reduced when a high 
torque is applied to the bar. 
The ultimate tensile strength is 
also reduced. A torque of 60 
lb-ft (one fourth of the break- 
ing torque in pure torsion) re- 
duced the ultimate strength 
only about 5 per cent, but a 
torque of 199 lb-ft (five sixths 
of the breaking torque) reduced 
the ultimate strength over 40 
per cent. 
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Fig. 6 ComBinep Stress Tests; 
Constant Torque Pius 
STANT TENSION 


Fig. 7 ComBinep Stress Tests; 
Constant TENSION 
STANT RaTE Torston 
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Fig. 7 shows the results of the tests which were run with a 
constant strain ratejin torsion. Curve G is the pure torsion test. 
Curves L, H, and D are torsion tests with superimposed tensile 
stresses of 61,400, 68,500, and 75,000 psi, respectively. In these 
tests the tensile loads were fairly high. All were above the yield 
point in pure tension so that the curves do not show any dis- 
continuity in torsion, such as curve G shows. The amount of 
axial strain did not vary much in these three combined stress 
tests but the angle of twist at rupture was reduced from 584 deg 
for the pure torsion test to 161 deg for the bar which also carried 
a tensile stress of 75,000 psi. Curve C shows the results of a test 
similar to curve H. Bar C had a single circumferential notch 
'/w in, deep at the middle of the gage length. The constant ten- 
sile stress based on the area at the bottom of the notch was 68,500 
Psi. The apparent increase in strength over curve H is due 
partly to the fact that the notch prevents the bar from reducing 
in diameter and partly to the fact that the actual unit strains in 
the notch are much greater than shown by the diagram which is 
based on a 3.1-in. gage length. 

In addition to the combined stress tests already mentioned, 
one test was run with a constant strain rate in both tension and 


ANGLE IN DEGREES 


torsion. Curve B in Fig. 8 shows this test compared with the 
pure tension and the pure torsion test. In this figure, the tensile 
stress and strain coordinates refer to the two upper curves, while 
the torque and angle coordinates refer to the two lower curves. 
Bar B was being tested in tension and torsion at the same time, 
hence, there are two curves labeled B. The arrows connect points 
on the two curves which occurred at the same time. For example 
when bar B had a tensile stress of 64,000 psi and an axial strain of 
8 per cent, it also was subjected to a torque of 120 lb-ft and had 
twisted 120 deg in a 3.1-in. gage length. 

At this point, an interesting observation can be made concern- 
ing the combined tension-torsion tests. In a pure torsion test, 
such as curve G in Fig. 7, the moment-angle diagram has a positive 
slope until ue fracture occurs, and the bar carries its maximum 
torque just the instant before it fails. In the combined stress 
tests, where the tensile stress was fairly high, the torque reached 
@ maximum quite some time before failure. This can be seen in 
curves H and D in Fig. 7 and in curve B in Fig. 8. This may 
possibly be due to the fact that the diameter of the bar becomes 
considerably reduced when it is stretched in tension, thus in- 
creasing the shear stress without increasing the applied moment. 
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The results of the tests on notched bars are shown in Figs. 9 and 
10. Pure tension tests on the single and the compound notch are 
compared with that of the cylindrical bar in Fig. 9. Although the 
bar having the compound notch showed the greatest strength, 
the difference was but slight. The stress relieving due to the 
adjoining notches was almost negligible. The notched bars ap- 
pear to be stronger than the cylindrical bar for the reason already 
mentioned. Fig. 10 shows the torsion tests on notched bars. 
Curve P is for a single notched bar and can be compared with 
the pure torsion test (curve G). It should be pointed out that 
these diagrams are moment-angle diagrams and not shear stress- 
strain diagrams. That explains why the moment curve for the 
notched bar is lower than the curve for the cylindrical bar. If 
we should plot the actual stress-strain diagrams, we would prob- 
ably find that the curve for the notched bar would be higher. 
Curve C from Fig. 7 is replotted here for comparison with curve 
M which is the result of a compound notch tested under the same 
conditions as the single notched bar C. Both had a tensile stress 
of 67,500 psi superimposed. Here again there is very little differ- 
ence between the two types of notches. 

It is quite interesting to note the various types of fracture 
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which occurred in these combined stress tests. Two pure tension 
fractures are shown in Fig. 11. Bar J is the cylindrical bar, while 
bar N had a single circumferential notch. The fracture of bar 
J is a typical tension fracture. In bar N two regions in the frac- 
ture are discernible. It appears that the bar cracked inward 
from the root of the notch for some distance and then the bar sud- 
denly pulled apart. The notch prevented any reduction of area 
and the ruptured surface has the appearance of a brittle fracture, | 

Bar G in Fig. 12 shows how the pure torsion test bar broke. 
The fracture surface was nearly but not quite perpendicular to 
the axis of the bar. The upper specimen in Fig. 12 shows the 
rupture surface of a tension test which had a relatively small 
torque imposed upon it. This break appears much the same 
as the pure tension rupture. Fig. 6 shows that its stress-strain 
diagram was not much lower than the pure tension test. 

Two bars which carried a good portion of both tension and 
torsion loads are shown in Fig. 13. Bar A is from a tension test 
with an added torque, while bar L was tested in torsion with an 
added tensile load. Both broke with a helical fracture; the helix 
angle, however, was not as great as is encountered in brittle 
materials in pure torsion. 

In Fig. 14, specimen P shows the fracture of a notched bar in 
pure torsion. The rupture surface of bar M shown in the lower 
half of Fig. 14 is probably the most interesting in the group. This 
was a notched bar tested with combined tension and torsion. The 
fracture has two distinct regions. Presumably the outer portion 
where shear stresses predominate failed in shear, while the inner 
portion which is forced to carry the axial load failed in tension. 
The phenomenon of the two regions seems to accord with theoreti- 
cal considerations based upon accepted theories of strength. It is 
the kind of fracture which might be expected for the case in Fig. 1. 

In the tests to show the flow lines in mild steel, the bars were 
first loaded to the point where yielding had just started. They 
were then heated to and held at 200 C for 1 hr. Then they were 
cut along an axial plane through the center of the bar and the 
exposed sections were polished and etched. The results can be 
seen in Fig. 15. The portions which have yielded are shown by 
the dark areas running at about 45 deg to the axis. The dark 
lines running in the axial direction are probably due to some 
structure effect or to machining strains and are to be disregarded. 
In the bar with the single notch, there was some bending stress 
present and consequently the bar yielded more on one side than 
on the other. It is evident from this illustration that, for a mild- 
steel bolt, yielding would start on a conical surface or surfaces. 
Whether or not a bolt from standard bolting materials at high 
temperature would start to yield in a similar manner cannot be 
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(Bar A shows rupture from tension test with added torque; bar L tested in torsion with added tensile load.) 


Fig. 12. Types or FrRacTURE SURFACES 
(Bar K shows rupture surface of tension test; bar @ shows break from pure torsion.) 
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Fic. 14 Fracture SuRFACES OF NoTCHED Bars 


(Bar P shows fracture of a notched bar in pure torsion; bar M tested with 


combined tension and torsion.) 


Fig. 15 Lines at Root or THREAD 


determined, for these slip lines can only be made visible on mild 
steel which exhibits a marked yield point. These flow lines do 
not show where ultimate failure will occur, but they point out 
where the stresses are most unfavorable in the elastic state and 
where the plastic strains will be localized. Ultimate failure would 
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probably occur along a plane surface perpendicular to the axis of 
the bar and passing through the notch or one of the threads. 


CONCLUSIONS 


A summary of the test results on the cylindrical bars is shown 
in Fig. 16. The ratio of the maximum tensile stress in any test 
to the maximum stress in the pure tension test is plotted as 

ordinates and a similar 


=. <= ratio of the moments is 
.~ plotted as abscissas. The 

. ™e test points all fall close to 
N a circle of unity radius 


passing through the points 
of the pure tension and 
pure torsion tests. , All 
\ points fall outside of a 

circle the center of which 
\ is at the origin and the 
radius is 0.9. 

A sharp V notch in a 
ductile material does not 
cause any stress concen- 
tration that can be de 

tected in a short-time tension test, but it does seriously affect 
the amount of strain at rupture. This latter statement is par- 
ticularly true if torsion loads are present. In the pure tension 
tests, the maximum strain was reduced from 27 per cent for the 
cylindrical bar to 7 per cent for the notched bar. In the case of 
pure torsion, the angle of twist was similarly reduced from 584 
deg to about 60 deg. 

The fact that the stress-concentration factor for the notch 
turned out to be unity erased any effect which the compound 
notch might have shown in a more brittle material. 

The amount that the bars necked down was roughly propor- 
tional to the amount of ultimate tensile load. When heavy 
torques were present, the bars failed before any appreciable neck- 
ing occurred. Initial yielding in a circumferentially notched 
mild-steel bar occurs on a conical surface and not in the plane 
where the bar will eventually fail. 


Fie. 16 Test Resutts 
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Discussion 


C. W. MacGrecor.‘ Referring to Fig. 6 of the paper, stress- 
strain diagrams are included in which the load divided by the 
original area is plotted against the over-all strain between the 
heads of the test specimen for various amounts of applied constant 
torque. It was found that the total axial strain, as usually de- 
fined, is considerably reduced when a high torque is applied to 
the bar. The writer has been interested recently in plotting stress- 
strain curves for tensile tests in which the average true axial 
stress P/A is plotted as a function of the true axial strain « or q’ 
obtained from diameter measurements where q’ = ¢€ = log 2 
(A = actual area; Ap = original area). 

It is realized that the problem of expressing the true stress- 
strain relationships in the cases treated in the paper is indeed 
complicated, as mentioned by the author. It would be of interest, 
however, if the author will include in his closure a comparison of 
the average true axial breakiag stress and strain values as thus 
defined for the final points in the various curves plotted in Fig. 
6. The axial-strain values can be determined from diameter 
measurements in the constricted portions of the test bars. This 
may give some additional information as to the effect of torque 
moment on these quantities. 


JosepH Marin.’ The research reported by the author is par- 
ticularly important since load-deformation relations for combined 
stresses are seldom reported beyond the yield point and to 
rupture. One aspect of the combined-stress problem is the evalu- 
ation of working stresses for such a state of stress. In order to 
do this it is necessary to have some rational theory defining 
rupture. The author points out that most investigators consider 
the problem of defining the beginning of yielding rather than final 
rupture. 

Considering the test results reported in the light of theories 
of failure as applied to rupture, it is of interest to compare tests 
and theories. In doing this there is encountered the difficulty of 
evaluating the stresses at rupture. An approximate value of the 
shearing stress can, however, be obtained by using relations 
(2), page 578 of the paper for a slope of the torque-twist curve at 
rupture equal to zero. With this assumption the shear stress is 


where M = torque at rupture and a = radius of specimen. 
For tension the stress at rupture is 


Considering the test results plotted in Fig. 16 of the paper, the 
equation of the circle representing the test points is 


(M/Mo)* + (P/Po)? = [3) 


where My = twisting moment in pure torsion at rupture, 
and =P = axial tension in pure tension at rupture. 

Placing values of the stresses from Equations [1] and [2] in 
[3], the relation between the stresses at rupture is 


Using the values of the stresses obtained experimentally, 
Equation [4] becomes 


‘ ‘Associate Professor of Applied Mechanics, Massachusetts Insti- 
y of Technology, Cambridge, Mass. Mem. A.S.M.E. 

7 Associate Professor of Civil Engineering, Armour Institute of 
echnology, Chicago, Ill. Mem. A.S.M.E. 


(az/a0)? + 1.84(7/oo)? [5] 


Equation [5] defines the experimental relation between the 
stress components. The theoretical relation corresponding to 


this, using the shear theory is 


(az/a0)? + 4(r/a0)? (6] 


In the same way using the stress theory 


For purposes of comparison Equations [5], [6], and [7], and 
the test results are shown in Fig. 17 of this discussion. An in- 
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Fic. 17 Comparison or Test Resutts WITH SHEAR AND STRESS 
THEORIES 


spection of this illustration shows that the stress theory agrees 
best with the test results except for the test in pure torsion. On 
the other hand, the beginning of yielding for ductile materials is 
closer to the shear than the stress theory. It is necessary, there- 
fore, to use a different basis in defining working stresses, depend- 
ing upon whether the yield point or ultimate is considered. 


TABLE 1 ENERGY REQUIRED FOR RUPTURE 


Tensile-stress Energy in 
. ratio Torque ratio in-lb per cu in. 
Specimen oz/a0 (M/ Mo) + 104 
J 1.00 2.02 
K 0.95 0.25 2.33 
D 0.90 0.38 2.12 
A 0.85 0.49 2.06 
H 0.82 0.44 2.25 
L 0.74 0.55 2.37 
E 0.59 0.83 3.15 
G 0 1.00 3.10 


A consideration of the energy required for rupture in the fore- 
going tests is of interest. Table 1 of this discussion shows the 
energy in in-lb per cu in. for all of the specimens tested. The 
values show that there is not a constant value of energy for 
rupture but an increase from pure tension to pure torsion. 


AuTHOR’s CLOSURE 


The writer appreciates the interest shown by Professors 
MacGregor and Marin in their discussion. The information 
regarding the dimensions of the necked portions of the plain 
(those without notches) bars is given in Table 2 of this closure. 
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TABLE 2 STRESS RATIOS BASED ON REDUCED DIAMETERS 


Shear 
stress 
ratio 


0 


Shear stress@ 
at rupture, 
lb per sq in. 


Tensile stress Tensile 
at rupture, 


b per sq in. 


Diam at 
rupture, 


K 
A 
E 
G 
L 
H 
D 
B 


@ Based on Equation 1 of discussion. 


46,800 


In regard to Professor Marin’s analysis of the shear stresses 
at rupture it may be well to repeat again that it is difficult to 
evaluate the stresses and strains at rupture. If Equation [1} 
of the discussion is used it must be remembered that in several 
of the curves the slope dM/dé is not zero but is actually negative. 
If, however, this equation is used in conjunction with the reduced 
diameter at the necked portion and also if the reduced area is 
used to compute the tensile stress at rupture the stress ratios 
given in Table 2 are obtained. These results which are plotted 
in Fig. 18 will agree much more closely with Equation [6] than 
with Equation [7] of the discussion. This is evident from the 
fact that the maximum shear stress in the pure torsion test is 
roughly one half of the maximum tensile stress in the pure 
tension test and that most of the points lie close to the circle 
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drawn in the figure. This is not offered as an ultimate analysis 
of the stresses at rupture but is merely given to point out the 
improbability that the actual stresses would agree with a maxi- 
mum-stress theory of strength. 

Since the paper was presented, the carbon and manganese 
content of the steel used in the tests has been determined. Chemi- 
cal analysis showed that the steel contained 0.47per cent carbon 
and 0.71 per cent manganese. 
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The Engineering Method in Management 


By ANDREW I. PETERSON,' NEW YORK, N. Y. 


Professional management in modern industry demands 
competence and vital direction of a high order, approached 
only with scientific objectivity. Engineering and eco- 
nomics are the basic tools of the profession. The author 
reduces the problems inherent in applied economics to 
four types: The selection, replacement, and apportion- 
ment of elements of production; the analysis of optimum 
enterprise economy; the rationalization of the dynamics 
of specific industries; and the interpretation and guidance 
of the trends and adjustments in the parent social environ- 
ment. The paper indicates the necessity for more critical 
research and broader training in industrial management. 


cultural pursuits to an industrial society with complex 

and extensive markets is generally designated as indus- 
trial revolution. Since engineering has been a principal factor, 
it has long had concern for the organization, direction, and econ- 
omy of such enterprise. But the economic problems created by 
technological progress have taxed our collective ingenuity with 
recurrent maladjustments sufficient to jeopardize free private 
industry. Professional management has been described most 
frequently as industrial engineering, or more elegantly as scien- 
tific management. But many engineers unfortunately have 
concerned themselves with the techniques of their specialties, 
allowing their responsibilities to management to be those of 
technicians and clerks. Truly professional management in 
modern industry demands competence and vital direction of a 
high order, approached only with scientific objectivity. We must 
give constant and critical scrutiny to our methods and qualifica- 
tions. 

Scientific method can briefly be regarded as a way of develop- 
ing the stability of beliefs by minimizing errors and constantly 
searching for contradictions. We strive for absolute objectivity 
in a progressive spiral of hypothesis and test. It must be recog- 
nized, however, that in the social sciences it is difficult to exclude 
thoroughly the subjective or normative point of view. Scientific 
management, by definition directed to the most efficient perform- 
ance of industrial enterprise, may involve such norms, particularly 
with its background of extreme individualism, concern for the 
welfare of labor, and an increasing responsibility for the rationali- 
zation of whole industries. Norms of political origin are not 
entirely separable from concepts of economic organization. 


Tew transformation of a people in primarily local agri- 


COMPETITION, AN AGENCY OF SELECTION AND DEVELOPMENT 


Competition has been specified as associating struggle with 
order; an agency of selection and development, if we recognize a 
Darwinian scheme of life. History describes the mutations of 
feudal dominance to the ideals of individual liberty to pursue and 
retain the yields of effort. If individual incentives are supplanted 
by abstract group responsibilities, it seems realistic to expect 
that the performance of the efficient would tend to a popular 


‘ Assistant Professor of Engineering Economies, College of Engi- 
neering, New York University. Mem. A.S.M.E. 

Contributed by the Management Division and presented at the 
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level. We have observed this in our wage experiences, in the 
recent Russian land experiments, and in many other cases. 

That the competition underlying the petty trade of the days of 
Adam Smith should have suffered distortion and specialization in 
the evolution of modern enterprise is obvious. It now exists on 
many fronts of price, quality, advertising, and intangible services. 
We have groups of individuals in joint enterprise, still motivated 
individually by hope of gain but under an imperfect development 
of corporate mechanisms and an insulation of individual risks 
from control. Institutional presumptions in administration and 
finance have often driven the other factors of production to posi- 
tions of marginal disadvantage. We have concentrated juris- 
dictions over market price with a logical maximizing of profits at 
a production volume below capacity and at a price above the 
social optimum. Overinvestment and rigid capitalization are 
additional concomitants with low utilization of capacity, high 
unit overhead, and a downward pressure upon price which, once 
released by a singular act of competition within an industrial 
group, leads to ruinous price war and instability. 

Fundamentally, we appear to have two alternatives, namely, 
to discard the economic efficiency of large-scale enterprise by 
attempting a return to the atomistic competition of another 
century, or better, to adapt our still imperfect enterprise mecha- 
nisms for equitable competition in a broader sense than a ban 
upon “bigness.” Many believe that support can be organized 
for reasonable but more effective police power which, through 
professional commissions and the use of the consent decree, will 
permit more efficient solutions of these problems to originate 
with the experience of business itself. Objective management 
and professional competence in both private and public practice 
are vital to the continuance of private enterprise on an economic 
seale. Failing this, the alternatives are unpleasant to contem- 
plate. 

It has taken many years to identify scientific management 
with a method rather than with a technique. A review of its 
development and the work of the truly professional men who have 
carried on the vision of Taylor, Gantt, and Gilbreth would be 
repetitious. Some of the procedures of recent years, however, 
seem predicated upon subjective techniques and many of our 
engineers appear to enter industry with untoward sophistication. 
The comments in this paper are therefore offered in examination 
of a few of the basic tools of professional management. 

In classifying the infinite range of responsibilities, we find a 
convergence upon such derivatives as technical engineering, 
theoretical and applied economics, accounting, statistical analysis, 
and psychology. Economics and engineering are the warp and 
weft of the fabric. With more immediate objectives in produc- 
tion, we might visualize the problems of applied economics con- 
cerning the engineer as island families of contours, each containing 
more specific central issues surrounded by successive levels of 
environment with increasing complexity and scope. In each one, 
applied analysis is prone to make predictions of representative 
constants in place of the dependent variables relating them. 
The problems might be reduced to four types, namely, the 
selection, replacement, and apportionment of elements of produc- 
tion, the analysis of optimum enterprise economy, the rationaliza- 
tion of the dynamics of specific industries, and the interpretation 
and guidance of the trends and adjustments in the parent social 
environment. Such involution demands competent and profes- 
sional insight rather than pragmatic philosophy. 
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The insularity of specific design problems makes them appear 
concerned with elementary out-of-pocket economy alone, while 
in fact highly dependent upon the variables in each circumscribing 
environment. In selections between new alternatives the simple 
reckoning of current costs is confused with divergent concepts as 
to the annual equivalence of depreciable durable assets. Physical 
lives of general experience are sometimes postulated for probable 
economic lives in keeping with the obsolescence and actual utility 
of specific instances. Interest rates upon creditor funds are fre- 
quently used in place of anticipated gross rates of return upon 
capital. Increment- and sunk-cost concepts are imperfectly 
understood and applied in many situations. In the general 
employment of minimum-cost-point and _break-even-point 
analyses for multiple alternatives, we have a frequent desire for 
universal working formulas which lead to mistakes in numerous 
specific applications. Economic lot-size formulas are frequent 
offenders in this regard. 


FALLACIES IN REPLACEMENT ECONOMY 


In replacement economy we appear to have additional fal- 
lacies. Each problem strives to compare the significant factors 
of prospective costs of a new machine, method, or structure with 
the prospective costs of continuing in service the existing installa- 
tion. The capital recovery costs in the latter seem properly 
based upon net realizable value and not the irrelevant book value 
of accounting, adding of course any modernizing investment 
necessary to equate reasonably the expected utilities of old and 
new. The use of book value creates a fiction since the true 
capital sacrificed by continuance is the realizable value. 

There are accessory variations. A few claim that actually re- 
covered capital should be deducted from the first cost of the new 
alternative in such comparison. This misconception is easily 
disposed of with the question: How much capital will be ac- 
tually impounded in the new equipment? Others might profess 
that these contentions are met by including full book value for 
the old equipment and, for the new, the old machine’s unamor- 
tized book value plus first cost. Here the error might arise in 
equal differences being written off at dissimilar lives in the aver- 
age case. As to the procedural question concerning the disposi- 
tion of the discrepancy between book and realizable values, it 
seems eminently proper to enter it against surplus. The higher 
book value, born of reluctance to reflect actual current losses in 
fixed assets, causes overstatement of the operating profit in like 
degree during the earlier part of the life. Still another form of 
error lies in the occasional treatment of indirect expense or burden. 
Being commonly expressed as a rate of some direct cost such as 
labor, it is often assumed in the case of some labor-saving invest- 
ment, for example, that an actual reduction in overhead takes 
place. A realistic approach considers only the absolute changes 
in each item of indirect expense. The theory and practice of such 
engineering economy are perhaps nowhere more soundly pre- 
sented than in the work of E. L. Grant (1).2 If the degree of 
rationality which he presents were generally practiced, it would 
seem that many of the burdensome commitments in plants today 
would not exist. 

In the circumscribing unitary aspects of enterprise we have 
similar problems, many of them susceptible to advanced quan- 
titative analysis. It is easily established, for example, that the 
variability of cost functions with output, similar to the natural 
performance characteristics of machines, is peculiar and stable 
for every organization and situation. There has been much use 
of elementary break-even-point analysis, but the apparent lag in 
extending the introductory method of Rautenstrauch (2), 
Knoeppel (3), and others is a matter of some curiosity, particu- 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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larly in view of its success in the management of power-utility 
industries. Statistical analysis of fixed- and variable-cost per- 
formance is vitally significant to finance, budgets, and forecasts, 
Realism in the internal dynamics of an enterprise is increasingly 
necessary for flexibility and survival in constantly changing 
environments. 

As our scope proceeds beyond the internal systematics, we 
embrace the complex ramifications of general applied economics. 
Even a simple enumeration of the economic and statistical in- 
vestigations appropriate to modern administration is impossible 
here. Much of it is of immediate current importance to execu- 
tives in the timing of purchases, plant investment, or production 
activity. Other phases relate to the complex significances of 
change in the general economic environment and the incidence 
of policies promulgated by enterprises and industries upon the 
whole economy. We have, however, a variegation of economic 
doctrine on one hand and on the other a proclamation of half 
truths and impossible hopes by political extremists. Sincere 
businessmen are needful of action while scholars procrastinate. 
It appears inevitable that realistic utility of applied economics 
must come by way of more advanced economic scholarship in 
professional management. 


RELATION OF ACCOUNTING TO ECONOMICS 


Completely integrated with economic activity is the institution 
of accounting and its characteristics are pertinent to this dis- 
cussion. Its principles regard asset values as based upon origi- 
nal cost, except for current assets which are reported at cost 
or market, whichever is lower. The approach to earning state- 
ments is never to anticipate a profit but to provide for all losses. 
In economics, we fundamentally interpret true earnings or losses 
as being increases or decreases in actual net wealth. In account- 
ing practice, employing original cost and barring unrealized 
profit, we have inimical fictions. If assets are reported above 
their true values, so must be the profits, regardless of the alloca- 
tion of profits and losses between balance sheet and operating 
statement. The net worth is out-of-line in either case. 

Accountants justify their approaches in various ways. Original 
costs are often defended upon the grounds of going-concern con- 
cepts, undervaluations upon conservatism, and both upon ex- 
pediency and expense. Going value has had its particular uses 
but has become a too frequent defense of these discrepancies. In 
essentially permanent ownerships, a variation in valuation is ad- 
justed by the corresponding long-term level of reported earnings 
but, with the diverse and short-term ownerships of today, the 
average stockholder or creditor must rationalize his position with 
distorted criteria. The claims of conservatism in undervaluation 
seem equally indefensible upon the same grounds. As for the 
regular and periodic reappraisal of assets, it has been competently 
maintained that such procedure need not be impracticable or 
costly. 

Increasing criticism is jeopardizing the future of accounting 
and the value of much professional engineering research based 
upon it. It has been stated that accounting must either revise 
its concepts or be reduced to a level of secondary importance in 
industry. Some of its spokesmen have attempted to clarify the 
situation by a sermon of pure conventionalism for the balance 
sheet and an assignment of predominant accuracy to the opel 
ating statement. But there would seem to be an inevitable cor 
relation of their inaccuracies and a futility in such approach. 
The author is not unmindful of the difficulties illustrated by the 
conventional requirements of public agencies but the fundamental 
and necessary realignments are inescapable. 


STATISTICAL METHOD 
The third essential, which will be commented upon, is sté 
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tistical method. We are generally familiar with its importance 
in all sciences and its powerful modern tools of probability analy- 
sis, although some engineering empiricists still popularly con- 
sider it as a largely manipulative presentation of data. Its mo- 
mentous extension to product-quality control in scientific man- 
agement has evoked a growing realization of its significance in 
other professional specializations. In time-and-motion studies 
there are promising speculations of more scientific method. Be- 
cause of the elementary requisites in equipment and observa- 
tional skill, and the permitted latitudes of judgment, time-study 
specialization has grown in popularity with remarkable strides. 
A good, if not major, proportion of the work done has been 
viewed as being of questionable value. Managements have in 
many cases appeared to give insufficient concern to the caliber 
of young men selected for it. Many of them have been trained 
in certain techniques of observation but it seems fair to question 
the number implemented for efficient and objective interpretation. 
We can easily visualize the potential destruction of managerial 
control and human values arising from superficial studies. 

Time-study observations consist principally of elapsed times 
for the operating elements of a given job cycle, repeated for re- 
liability from 10 to 50 times. Interpretation aims at establishing 
a representative time in each standardized element for produc- 
tion planning. The cycle of selected element times is ordinarily 
adjusted to a good performance level by studies of the concomi- 
tant variations of skill and effort. Further transformation pro- 
duces the long-run performance standard based upon studies 
of reasonable net productive time per day in each class of work. 
The final prediction is a basis for wage-rate setting. The vari- 
ously sponsored techniques are largely empirical and use statis- 
tically small samples of observations. It is fully understood of 
course that the degrees of analysis and accuracy permissible in 
practice are functions of the size of operations, and that labor’s 
comprehension of the results is a significant factor. The frag- 
mentary speculations raised consider the research that may prove 
fruitful in establishing more reliable tests and standards of pro- 
cedure, 

Man, like nature, cannot duplicate performance exactly, since 
many causes operate with unknown frequencies within any one 
system of conditions. If the latter remains constant, we have 
some degree of statistical control and establish characteristic 
limits of variability and credibility to make predictions of re- 
peated performance. Obviously not all systems are found con- 
stant or controlled. 

In the conventional study of operating elements, we have a 
row of repeated observations which fluctuate about a central 
tendency. We face the problem of estimating the underlying 
universe parameters with reasonable credibility from the corre- 
sponding sample statistics, in most cases circumscribed by small- 
sample errors and some uncertainty as to the form of the distri- 
bution function. Care is needed in the selection of sample sizes 
conforming to the degrees of variation and desired accuracy, 
and of statistics bearing optimum efficiency in such sample 
size. The representative time most often used is the mean, 
sometimes the mode or median. 

A few methods attempt to reflect the degree of variation, either 
to eliminate wild readings or as a part of leveling for continuous 
performance. The Merrick method, for example, discards ex- 
treme readings deviating from their adjacent times by more than 
approximately 30 per cent of the adjacent times. It also aver- 
ages the ratios of each mean to its remaining minimum time as a 
Supposedly stable dispersion characteristic of the worker. Super- 
ficial tests upon one set of data would appear to suggest that the 
variation is more peculiar to the operation than the worker. 
In the description of the Merrick method, there is implied the 
Possibility that minimum times in specific elements are inher- 


ently constant for all workers. In view of the increasing fluctua- 
tions due to sampling as we go from the median reading to the 
extreme reading, which are much larger in small samples than in 
large, it is hazardous to base estimates upon one extreme observa- 
tion, particularly if arbitrarily selected. If substantiated, this 
promising hypothesis can be implemented with more reliable 
statistical tools. 


Stupy or Forms or Time DistrRIBUTION NEEDED 


The forms of the time distributions also might be more usefully 
studied. Underlying each operation we have a finite but un- 
known number of causes contributing time minutiae with indi- 
vidual probabilities of occurrence. The theoretical frequencies 
of various possible times are those expected in long-run observa- 
tions under control. Where we have equalized individual cause 
effects and uniformity in their probabilities of occurrence, the 
theoretical distribution is based upon the point binomial, posi- 
tively skewed when the causes are relatively few in number and 
approaching the bell-shaped symmetrical curve when increased 
to the limit. In any case it decreases “smoothly” from the 
mode. When there are predominating causes, these distribu- 
tions take irregular forms, depending upon the factors present. 
When we lack a priori knowledge of these causes the distribution 
smoothness, degree of variability, and symmetry may suggest 
the degree of control present. Further, the employment of 
x’ against fitted theoretical or graduation functions can give us 
some test of conformance to control. Do we not have here a 
promising criterion of the efficiency of motion-study work? 

In the establishment of truly representative eleraent times, 
however, it would seem necessary to make more complete pat- 
terns of observation than those taken for short time intervals 
with one or two operators. The results are dependent upon the 
time of day, variations from day to day, differences between 
operators of equal skills and efforts, and actual differences in skill, 
all in addition to the basic variation within the operation itself. 
With reasonable care in design, it is possible to take observations 
over a range of hours, days, operators, and observers by organized 
sampling, providing complete information for all purposes. 
Advanced modern methods of statistical analysis presented by 
R. A. Fisher (4), W. A. Shewhart (5), and others (6, 7)* permit 
practical tests of control, extensive separation of the variables 
involved, and greater accuracy in determining representative 
times and variations. Further, the distribution of complete 
cycle times is a sum function of the element time distributions, 
where theory establishes their relationships as to mean and vari- 
ance, depending upon the degrees of correlation between element 
distributions. With this in mind, the distribution of cycle 
times has interesting possibilities because of its tendency to 
greater control. Investigation may support the practical pre- 
diction of cycle variance as well as mean time, permitting the 
use of probability in forecasting performance levels and subse- 
quent operating controls as established in statistical quality- 
control methods. 

It is hoped that these speculations suggest lines of research 
and a new approach. The statistical competence required for 
development should not prove unreasonably advanced. As for 
any misgivings as to the simplicity and economy of such ap- 
proaches in actual plant applications, the final procedures do not 
promise any greater involution than other standards resulting 
from management research. 

In general, this paper presents a few thoughts in the direction 
of more critical research and broader training in industrial man- 
agement. Engineers in practice, and on college faculties too, 


3 Several working texts for analysis of variance and covariance 
have recently appeared. The two references cited in the Bibliog- 
raphy are representative. 
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have a share of human complacence as to their general pro- 
ficiency in fields outside of immediate experience. Industrial 
engineering may not have as many of the handicaps of inbred 
technical specialization, but with three-dimensional respon- 
sibilities and opportunities—technology, economics, and scientific 
management—its success as a profession seems to turn upon a 
level of fundamental competence which demands the best talent 
that engineering schools can produce. In management’s rapid 
growth, however, there has been a tendency to conventionalize 
its practice and research. Rationalization of the rigidities of 
modern dynamic economy seems to demand a concurrence of 
experience and scholarship at higher levels than ever before. The 
marriage of engineering and realistic economics promises a 
stock that will improve upon the existing parent strains. 

The responsibility for development is obviously divided be- 
tween the engineering schools, industry, and the professional so- 
cieties. In the first, as recently pointed out by Robert E. Do- 
herty (8), the revision of engineering curricula is hampered by 
unwarranted insistence upon specialization, vested interest, and 
rigid viewpoint. To industry would appear to belong the ap- 
plied specializations in each field, making possible more advanced 
scholarship in fundamental engineering, economics, and manage- 
ment within the usual span of undergraduate and graduate work. 
The professional societies bear equal responsibility. It is hoped 
that the Management Division of Taz American Society oF 
MEcHANICAL ENGINEERS can continue to support actively a 
critical and progressive integration of research and publication, 
interesting the best minds in our profession so that the rest of 
us may more efficiently serve our common purpose. 
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Discussion 


E. L. Grant.‘ Two comments occur to the writer as pertinent 
to the author’s observations on incorrect methods in economy 
studies and his interesting summary of eritical views on conven- 
tional accounting practices: 

1 The voices of those who are critical of the misuse of ac- 
counting figures have not yet been heard by a great many of the 
users of those figures. This statement is based in part upon 
personal observation and in part upon the confusion of thought 
evidenced in current writings on such matters as replacement 
economy. 

2 There is no way in which accounting practice can be re- 
formed so that accounting figures may always be used without 
modification as a safe guide to business decisions. The diversity 
of business alternatives to be compared is too great for their 
differences to be measurable by any routine systematic process 
such as accounting necessarily must be. 

A recently observed incident may serve as a simple illustration 


4 Stanford University, Stanford University, Calif. 
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of the latter point. An engineer redesigned a certain part for a 
technical product to reduce its cost. The new design effected a $2 
reduction in the direct material cost of each unit but involved a $1 
increase in its direct labor cost. This he believed to be a $1 cost 
reduction per unit. 

However, the cost-accounting system in the plant allocated in- 
direct manufacturing expense in proportion to direct labor cost; 
the “burden rate” in this department was 175 per cent of direct 
labor cost. Thus the $1 increase in direct labor cost was re- 
sponsible for a $1.75 increase in allocated indirect manufacturing 
expense, making the net result of the new design an increase of 
75 cents in the unit cost as shown by the accounts. Despite this 
indication by the accounts that the new design was uneco- 
nomical, a critical consideration of the facts showed that the 
company would really save money by using it. None of the 
individual items, e.g., superintendence, shop transportation, 
cleanup, heat, light, power, depreciation, taxes, and insurance, 
which entered into indirect manufacturing expense seemed likely 
to be altered by the proposed change in design. 

At first glance one might be inclined to say that the cost- 
accounting system should be reformed if it seemed to show costs 
going up as a result of a policy which actually made them go 
down. However, careful examination of the circumstances 
indicated that this was not the correct inference. Considering 
all of the various purposes of cost accounting, this cost system 
seemed as good a one as could be devised without excessive cleri- 
cal expense. What was really necessary was a recognition by 
management that, to compare specific alternatives, it was essen- 
tial to look beneath the surface of the cost figures to find the true 
difference between the alternatives. No possible reform of the 
cost system could eliminate the necessity of doing this in some 
cases. 


P. T. Norton, Jr.* In referring to fallacies in replacement 
economy, the author correctly states that the capital-recovery 
costs of the existing installation should be based upon its net 
realizable value and not upon its irrelevant book value. There 
are so many ways of proving that the book value of an existing 
installation should not be used in an economy study, unless it 
happens that this book value is equal to the net realizable value, 
that the writer is unable to understand why this obvious fallacy 
should appear so frequently in discussions of replacement 
economy. 

While the author has proved that any such use of the book 
value of an existing installation is incorrect, it seems to the 
writer that there is another way of disposing of this fallacy 
which should be even more readily understood by the average 
person. It is obvious that one of the principal purposes in setting 
a depreciation rate is to bring the book value down to the realiz- 
able value at the time the asset is displaced. If the book value 
is not equal to the realizable value at the time the asset is dis- 
placed, it is because the book value is in error by the amount of 
the difference. Replacement-economy studies should be based 


upon conditions as they will be if the replacement is actually © 
made and not upon what it was estimated some years ago would ~ 


be the situation today. 


J. A. In appraising the time-study work, the 


author points out that a good portion of it has been viewed & |— 
being questionable. The writer is in sympathy with this view, for | 


many a study has been rendered incredible by improper methods 
of observation, inadequate sampling, improper analysis of the 
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data, or inappropriate allowances. No matter how much one 
may do to establish a credible result in any one of these phases, 
the final answer, or standard, can only be as accurate as the degree 
of accuracy of each of them. It would be of but slight benefit 
to work to a high degree of accuracy in the statistical analysis of 
data when there is doubt as to whether the allowance for fatigue 
and unavoidable delays should be 10, 15, or 20 per cent. 

Viewing the problem as a whole, that is, the development of 
adequate standards of performance, it is the writer’s opinion that 
attention should be directed toward the standardization of the 
technique. It appears that we have been too busy standardizing 
manufacturing operations to get together, examine our own 
technique, and standardize it. In indicating the desirability of 
research toward this end, the author has indicated a cause which 
when removed will contribute greatly toward a more uniform 
procedure and consistent results. 

As for the statistical analysis of data, it is not felt that more 
accurate methods are needed than the simple ones now at our 
disposal. Determinations are made for (a) the selected mini- 
mum, (b) lowest third, (c) mode or modal average, (d) median, 
(e) selected average, and (f) the arithmetic average. Which of 
these is used in the establishment of a standard depends upon 
the point of view of the analyst. Their use in turn affects the 
amount of allowance to be applied. For instance, a much higher- 
percentage allowance must be applied to the selected minimum 
than the average. What we need is a more common use of the 
statistical method which would result in the most representative 
measure of the operator’s performance. Investigation by the 
writer into the relative values of these various statistical methods 
has led to the adoption of the mode, or modal average, as the 
simplest means that would yield the most representative results. 
The modal average, being the value about which most cases recur, 
is the most reliable method of determining the characteristic or 
typical performance of an operator. This determination is 
made possible with relatively few observations as compared 
with the number that are required when using the method of 
averaging. 

In this connection the writer would like to present for con- 
sideration a few facts pointing to the degree of credibility which 
may be placed upon the modal-average method. What the 
writer has in mind is the time required to perform an element of 
a weaving operation in the silk-textile industry. On the basis of 
slightly over 1000 observations made in approximately 20 silk and 
rayon mills, the modal average was 0.098 min. Adding to these 
about 7000 more observations, the modal average was still 
0.098, while the arithmetic average dropped from 0.124 to 0.108, 
or 12.9 per cent. It is interesting to note that the arithmetic 
average, becoming more representative as the number of observa- 
tions is increased, approached the modal average to a point 
— 0.01 min when the quantity of data was increased seven- 

old. 

Taking at random the observations made on one weaver during 
one study period, the modal average was 0.116 on the basis of 46 
occurrences. When this study was extended to 262 occurrences, 
the modal average was 0.115 or a change of 0.9 per cent, while the 
average increased 5.6 percent. It appears from these data that 
the modal-average method yields the most consistent results. 

The “selected average,” determined by the elimination of 
abnormal readings, is often used as a means of approaching the 
representative time, but the element of judgment tends to place 
it on a selective rather than factual basis. 

The writer was interested in the author’s suggestion pertaining 
to tests of conformance to control. While it may be desirable to 
Investigate the possibilities of predicting cycle variances “‘per- 
mitting the use of probability in forecasting performance levels 
and subsequent operating controls,” the writer is somewhat 
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pessimistic of the fruitfulness of such an endeavor. 
distribution of data is the result of many factors: 


A frequency 


1 Degree of standardization of method. 

2 Effectiveness of the method (a poor method as well as a 
good one may be highly standardized). 

3 Tools, equipment, and work place. 

4 Operator’s automaticity in the method. 

5 Application or attitude of the operator. 


Keeping these factors in mind, the smooth distribution of 
data, degree of variability, and symmetry may suggest the 
degree of control present, but it is not believed they will serve as 
a measure of the efficiency of motion-study work. A symmetri- 
cal, smooth frequency distribution with low variability indicates 
to the writer that the operator is earnestly following a method 
which is highly standardized. However, it does not suggest that 
the method is the best which can be devised. Therefore, the 
writer could not consider the characteristics of the distribution as 
a criterion of the efficiency of motion-study work. Again, when 
we have a frequency distribution which is uneven and highly 
variable, it would appear rather difficult to determine from the . 
array of data whether the operator lacks the required degree of 
automaticity in the method or is not applying himself, or both. 

In closing, may the writer suggest that our immediate attention 
be directed toward the problem of allowances as one of the steps 
in the establishment of standards of performance which is far 
below the recording and analyzing from the point of view of 
accuracy. A real contribution can be made in supplementing 
the meager amount of factual data now available to us on this 
subject. Based as they are largely on judgment and supported 
by a few scattered actual studies, they tend to nullify the accu- 
racy now possible in our observation and analytical work. 


Water The author quite properly em- 
phasizes the need for a more scientific procedure in dealing with 
the problems of management. It is true, as he says, that we have 
been concerned more with techniques of management, that is, 
formulas and rules than we have with the broader concepts of 
management out of which may be evolved fundamental and basic 
principles to guide us in the operations of our industries. 

The paper states: ‘Professional management in modern 
industry demands competence and vital direction of high order, 
approached only with scientific objectivity.” As a matter of 
fact, how much scientific objectivity is permitted in the manage- 
ment of business enterprise? Those who are engaged as profes- 
sional consultants in the field of management are expected to 
show their clients how to meet the competitive conditions of the 
market place. These clients, being very “practical” people, ex- 
pect profits to flow from such advice. Frankly, much of the 
work which has gone under the name of management, particu- 
larly that involving revisions in the methods of wage payment, 
standardization of jobs, etc., has largely resulted in lowering the 
wage cost of production and in altering the relative claims of 
capital and labor to the goods produced to unworkable propor- 
tions. 

Management engineers have never, except in rare instances, 
examined into the economic consequences of these so-called sys- 
tems nor taken into account their effect on the national economy 
asawhole. The writer fails to see how we can have any scientific 
objectivity on the larger problems of management so long as 
management is expected only to produce profits for individual 
enterprise without regard to the effects on the entire national 
economy. As the author points out, scientific management 
should be “directed to the most efficient performance of individual 


7 Professor, Industrial Engineering, Columbia University, New 
York, N. Y. Mem. A.S.M.E. 
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enterprises.”” This raises the question of the units in which 
efficient performance shall be measured. After an extremely 
rapid growth in so-called efficient performance of industrial enter- 
prise from 1918 to 1929, we suffered a most disastrous collapse in 
our industrial economy. Was there real efficiency during this 
period? What was it we did not take into account as managers 
of industrial enterprises which caused our industries to break 
down? 

Our engineering societies have been lax in addressing them- 
selves to this most important problem. Perhaps this may be due 
to a misinterpretation of what the author refers to as the ‘‘Dar- 
winian scheme of life.” The misinterpretation of Darwin’s 
theory has perhaps done more harm to the national economy than 
most people realize. The world has yet to learn that only by an 
intelligent integration of the processes of civilization can we hope 


- to attain a high rate of productivity and an increase in the 


standard of living. It is true that the solution of the problems of 
industrial enterprise involves continuous struggle but the object of 
this struggle, in the writer’s opinion, has been falsely directed. 
It has been directed mainly toward competition between the 
elements of the national economy, which should be operated on a 
cooperative basis, rather than upon a competitive basis. 

Private enterprise was quick to learn, as it did since the begin- 
ning of this century, that its growth and development depended 
upon an intelligent integration of its departments of operation. 
How long will it take us to learn that the same intelligent integra- 
tion of the parts of the national plant as a whole must be accom- 
plished before we can stabilize its performance? 

The questions of detail of operation within an individual unit 
of our economy which the author raises are important and should 
be inquired into more fully as he suggests. We do need to apply 
scientific principles to many of the problems that we now solve 
empirically. We also need to re-examine many of the so-called 
scientific solutions to determine whether or not they are really 
scientific. 

Very often we have gone into elaborate statistical processes in 
the solution of problems before we have determined fully the 
functional relations of the elements about which we are endeavor- 
ing to obtain statistical interpretation. 

The writer presented a paper® before the Philadelphia Section 
of this Society in 1917, in which was pointed out the imperative 
need for a closer integration of our banking system with our 
manufacturing enterprises and the need for their integration on a 
functional basis. In that paper a quotation was made from the 
records of The Annals of the American Academy of Political and 
Social Science, concerning the manner in which the Common- 
wealth of Massachusetts dealt with the problem of farmer and 
banker relationship, as follows: 

“Several of the banks have opened special farm departments 
and employed men whose business it is to investigate the applica- 
tions of farmers for credit. The Plymouth Trust Company, of 
Brockton, has for two years employed two men, graduates of the 
Massachusetts Agricultural College, to aid the farmers in applying 
business methods to the business of farming. The object of the 
directors of the institution was to get acquainted with them so as 
to make a businesslike application of credits to those engaged in 
this important industry. This bank has helped the farmers of 
their vicinity to buy seed, livestock, etc., and stimulate produc- 
tion by offering prizes to the young people on the farm. It is 
showing the farmer how to keep cost accounts and how to make 
cost statements; in short, to know his business both from the 
technical and from the business standpoint. To worthy persons 
they stand ready to make a small loan to be used for construction 

8 ‘Manufacturing in Relation to Banking, Research, and Manage- 
ment,’’ by Walter Rautenstrauch, Journal of the Engineers’ Club of 
Philadelphia, Philadelphia, Pa., February, 1918. 
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work or for improvement under the supervision of the bank’s field 
agent. Every banker will ask himself, “Does it pay?” It has 
cost the Plymouth Trust Company $4000 a year net to supply this 
service to farmers in and about Brockton, but as a result of this 
and similar activities the deposits have increased in the last five 
years from $400,000 to $3,000,000.” 

What forces in our national economy have militated against a 
further extension of such relationships, not only between the 
bankers and the farmers but also between the bankers and the 
manufacturing industries. While it is true that we need better 
scientific methods to solve the internal problems of industry, we 
should not close our eyes to the fact that by far the most impor- 
tant problems of management lie in the area of our total economy. 
While it is almost universally believed that Adam Smith de- 
veloped the principles of the laissez faire economy, and most 
people are of the opinion that our economy can be operated most 
effectively according to these beliefs, it may be instructive to 
read what Adam Smith actually wrote? about some of the prob- 
lems which he saw developing in the economy of the western 
world: 


The progress of the enormous debts which at present oppress, and 
will in the long run probably ruin, all the great nations of Europe, has 
been pretty uniform. 


In the reign of King William, and during a great part of that of 
Queen Anne, before we had become so familiar as we are now with the 
practice of perpetual funding, the greater part of the new taxes were 
imposed but for a short period of time (from four to seven years only), 
and a great part of the grants of every year consisted in loans upon 
anticipations of the produce of those taxes. The produce being fre- 
quently insufficient for paying within the limited term the principal 
and interest of the money borrowed, deficiencies arose, to make good 
which it became necessary to prolong the term. 


In consequence of those different acts, the greater part of the taxes 
which before had been anticipated only for a short term of years, were 
rendered perpetual as a fund for paying, not the capital, but the inter- 
est only, of the money which had been borrowed upon them by 
different successive anticipations. 


A sinking fund though instituted for the payment of old, facilitates 
very much the contracting of new debts. It is a subsidiary fund 
always at hand to be mortgaged in aid of any other doubtful fund, 
upon which money is proposed to be raised in any exigency of the 
State. Whether the sinking fund of Great Britain has been more 
frequently applied to the one or to the other of these two purposes, 
will sufficiently appear by-and-by. 


In Great Britain, from the time that we had first recourse to the 
ruinous expedient of perpetual funding, the reduction of the public 
debt in time of peace has never borne any proportion to its accumula- 
tion in time of war. 


When funding, besides, has made a certain progress, the multiplica- 
tion of taxes which it brings along with it sometimes impairs as much 
the ability of private people to accumulate even in time of peace as the 
other system would in time of war. The peace revenue of Great 
Britain amounts at present to more than ten millions a year. If free 
and unmortgaged it might be sufficient, with proper management and 
without contracting a shilling of new debt, to carry on the most 
vigorous war. The private revenue of the inhabitants of Great 
Britain is at present as much encumbered in time of peace, their 
ability to accumulate is as much impaired as it would have been in 
the time of the most expensive war had the pernicious system of 
funding never been adopted. 


When the debt structure of the nation increases at a greater a 
rate than the rate of production, our economy is in peril and the _ 


business of every manufacturer is in jeopardy no matter how 
scientifically its internal problems are managed. Has there bee? 
any scientific inquiry into this problem to which Adam Smith 
called our attention over two hundred and fifty years ago? 

If then we are to have a more scientific approach to the prob 


9 ‘Wealth of Nations,”’ by Adam Smith, 2 volume edition, Oxford 


University Press, New York, N. Y., 1869. Quotations in order pre | 


sented are from vol. 2, pp. 581, 583, 585, 587, 594, and 600. 
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lems of management, should we not inquire into the following 
types of problems: 

(a) A Theory of Organization. It is unfortunately true that, 
with all the work which has been done on organization, we have 
never yet developed a rational theory of the principles of an 
organized procedure. Until we have a frame of reference or a 
set of guiding principles, by which to judge the adequacy of an 
organized procedure in relation to objectives and resources, we 
can never make much progress in solving the problems of organi- 
zation. 

(b) Operating Characteristics of Our National Economy. Few 
attempts have been made to describe how our national industrial 
economy really functions. Until we understand the functional 
nature of the sum total of our industrial processes, we will never 
be in a position to suggest how they may be more efficiently man- 
aged or how a particular unit of industry should be operated as a 
part thereof. 

When an engineer examines a particular machine the first 
thing he does is to find out how it functions, that is, how its parts 
are related to each other and what are the basic principles under- 
lying its operation. When he understands the functional rela- 
tionships, he is then in a position, and not before, to derive 
quantitative relationships concerning its operation. 

Management which, up to the present, has been almost wholly 
concerned with the problems of internal operations is now com- 
pelled to give increasing attention to the problem of the indi- 
vidual enterprise as a part of the national economy as a whole if 
our economy is to be preserved. 

When the United States Steel Corporation’s net earnings 
dropped from $195,000,000 in 1929, to a net loss of $59,000,000 in 
1932, it certainly was not due to the failure of its management to 
apply scientific principles to its internal operations. What the 
managers of the steel corporation and the managers of all other 
corporations failed to do was to lift their eyes from their own 
financial statements and observe the march of the economic 
forces bearing down upon them. After 10 years of disastrous 
depression, how many managers are familiar with the results of 
the excellent researches of the National Bureau of Economic Re- 
search? How many management and engineering societies have 
given any consideration to the interpretation of these researches? 

The present paper is both timely and important and should 
urge us to give more careful consideration to the scientific aspects 
of management problems. It is also high time that we select the 
most important problems to be solved. Perhaps the Manage- 
ment Division of this Society will help us to select these problems. 
It is not at all unlikely that, in this search for the important prob- 
lems of management to which scientific procedure may be ap- 
plied, we may find the very important question: Management 
for what? 


AvuTHOR’s CLOSURE 


To the practical difficulties of recasting general accounting 
techniques precisely to reflect economic reality, the author 
readily agrees. But a principal issue remains; that the conven- 
tionalized record-keeping so vital to business control, like the 
shadows of the carried lantern, must be interpreted according 
to the expediencies of each situation. The oracular pronounce- 
ments of its disciples in industrial economics are often in conflict 
with underlying reality, and erudition as to its detail is sometimes 
mistaken for professional wisdom. The work carried on by 
Professors Grant and Norton in the applied economics of engi- 
neering selections and replacements and the well-known work 
of Dr. Rautenstrauch in enterprise characteristics, are encourag- 
ing signs. We hope that these are the foundations of a new 
realistic economics, neither at the extremes of record-keeping 
technique on the one hand nor abstract “cultural” economics on 
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the other. 
evidence. 

As regards the possibilities of advanced statistical analysis in a 
more scientific approach to time-study work, the author is in- 
terested in the views expressed by Mr. Piacitelli. He indirectly 
suggests an important issue, in that every investigation, no 
matter what the precision and objectivity employed in basic in- 
terpretation, is overlaid with administrative allowances and the 
opportunistic motivation of management. That standardiza- 
tion of inevitably personal and subjective factors can usefully 
be employed is readily granted. That standardization of basic 
measurement technique can be a guarantee of valid interpreta- 
tion and homogeneous underlying conditions is respectfully de- 
nied. Unassignable or chance causes play a leading role outside 
of the research laboratory. 

Statistical analysis is a vital and powerful tool, not to be 
casually acquired as a convenient set of arithmetic techniques, 
nor to be approached with the elegant abstraction of the pro- 
fessional mathematician. Th. von Kaérmdn!® recently observed: 
“The engineering application of mathematics is not based on 
purely logical principles alone; its purpose is the correct interpre- 
tation of physical phenomena.” 

In the scientific aspects of time study, we would appear to aim 
at an objective determination of the actual sustained basic operat- 
ing time and the degree of variance of the average good operator 
under statistically constant underlying conditions. If the latter 
do not obtain, we can neither combine phenomena in similar in- 
vestigations nor project them as logical expectations. Since any 
finite set of observations is merely a sample of an underlying 
universe of values, we must draw inferences cautiously from 
efficient statistics which minimize the always present chance 
variations. 

If all of the information underlying the data which Mr. 
Piacitelli presents were available, it would be expected that a 
critical appraisal might reveal dissociated conditions which ex- 
plain the otherwise surprising behavior of the statistics reported. 
Two possibilities suggest themselves, i.e., that the data have not 
arisen from the same underlying universe; that the modes have 
been obtained by the usual approximation techniques, where at 
best the mode is a very uncertain parameter to estimate. In the 
first instance cited, the mean of the initial sample of 1000 is given 
as 0.124 and, by the elementary relationship of the sample means 
to their weighted mean, we find that the mean of the second 
sample must have been 0.1057. Also we have the elementary 
large-sample test of significance for the difference between the 
means of the two samples under the hypothesis that they come 
from the same universe 


We need an approach resting upon rigidly scrutinized 
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where the standard deviation in the denominator is that of the 
common population. The value 7 can be expected to be dis- 
tributed normally and, taking the most favorable maximum 
value in standard error units, common to tests of significance as 
2.576, we would arrive at a standard deviation estimate of 
0.2066 which is the minimum permitting an acceptance of the 
null hypothesis. It would be a very skewed distribution indeed 
that had only 0.1057/0.2066 or 0.512 standard deviation units 
between the second sample mean and its zero origin, and only a 
fraction of this between its mean and the minimum reading or ob- 


10 “‘Some Remarks on Mathematics From the Engineer’s View- 
point,”” by Th. von Ka4rman, Mechanical Engineering, April, 1940, 
pp. 308-310. 
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servation.!! Furthermore, we seem to have a uniquely small 
difference between the mode and mean of this second sample 
when associated with such a standard deviation. In fact, the 
employment of the relations between the mean and mode in 
known functions that are at least nearly appropriate to this 
type of distribution gives a skewness measure that seems incom- 
patible with the conditions suggested. If the originally esti- 
mated standard deviation is actually smaller, the means are 
significantly different. Such questions pile up to an extent that 
makes it not inappropriate to raise the issue as to the propriety 
of considering the data comparable or of combining the two 
samples of observations referred to. 

Mr. Piacitelli’s stressing of the importance of establishing 
standard allowances to supplement the basic operating times is 
well taken. The author’s comments and interest were only in the 
research possible as regards operating-time measurements them- 
selves and their interpretation, in the use of more critical tests of 
stability of the phenomena, and in the suggestion of modern 


11 For purposes of simple illustration no distinction is made be- 
tween population and sample values of standard deviations since 
the samples are very large. 
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analysis. The author is convinced that the latter will not only 
improve the objective determination of the sustained and con- 
trolled good operating levels but permit the isolation of the 
component variances. Space does not permit attempting an 
exposition of well-established statistical theory that can be 
employed but it is to be hoped that students, who are advanced 
in their grasp of both fields, will find the opportunity at least to 
investigate another dimension which has been of proved success 
in other branches of science. 

The author does not presume even to a modest competence in 
the time study that is so tremendously important in our indus- 
trial economy and in which Mr. Piacitelli has deservedly at- 
tained such eminence. However, if it is to acquire the highly 
objective statistical tests of research employed in science, a 
thorough employment of applied statistical theory is necessary. 
Simple numerical generalization so common to what may be 
popularly described as business statistics would merely ¢ompound 
the dangers of purely empirical approaches to professional engi- 
neering. The author does not recall the savant who remarked 
that a tragedy is a beautiful generalization wrecked by a single 
obstreperous fact. 
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Fuels for Diesel Engines in 
Marine Transportation 


By W. F. JOACHIM! anv H. V. NUTT,? ANNAPOLIS, MD. 


After reviewing briefly developments in the field of Diesel 
fuels over the last 30 years, the authors discuss in detail 
the present-day requirements for marine-Diesel-engine 
fuels). A summary of engine troubles and casualties 
caused by unsuitable fuels is also given. The paper in- 
cludes a series of tables and explanatory matter concern- 
ing Diesel-fuel specifications for various types of marine 
engines. 


HIRTY years ago, hot-bulb-type engines, using solid- 
a systems with large-orifice, open-type nozzles, and 

full Diesel air-injection engines, were operating as pump- 
ing engines in the oil fields, using fuels varying from raw crude 
to 43 gravity kerosene. Many of these engines are still in service. 
Their efficiencies were relatively low for Diesels, their rate of 
wear was high, and sometimes they were hard to start, but they 
burned the fuel at hand and produced the power required with 
relatively small maintenance and other expense, compared to 
contemporary steam engines. Like stationary land units, the 
marine engines of that day were making a name for themselves 
by burning cheap fuel with an efficiency which has as yet been 
unequaled except by a few high-pressure high-temperature 
“modern” steam turbines. 

The fuel available at that time was no better and little worse 
than that available today. Cheap fuel was dirty and contained 
much residuum. However, cracked fuels had not made their 
appearance, which normally precluded many present-day com- 
bustion and maintenance problems. Clean fuels were all straight- 
run distillates and gave little trouble, except for injection and 
combustion difficulties, caused by unsuitably high or low vis- 
cosities. Typical fuel specifications for that period, one formu- 
lated by Dr. Diesel, are given in Table 1. 

During the period when “‘air injection’ was used exclusively, 
little attention was paid to the properties of the fuel, except 
that the operating engineer knew from experience the approxi- 
mate degree of purity and viscosity required to produce passable 
results in his engines. With the advent of the first commercially 
successful solid-injection system, manufactured by Vickers in 
1914, more attention was given to fuel oil, especially from the 
viscosity standpoint. 

Several investigators published papers covering their work on 
Diesel fuels during the change-over from air to solid injection 
about 1918 to 1930, and in 1928 members of this Society formed a 
committee for the investigation of Diesel fuels with the aim of 
establishing standard specifications. This committee proposed 
two fuel-specification standards in 1929, one for light high-speed 
engines, the second for heavy-duty slow-speed engines. Several 
Series of tests were also made to determine the effect of various 
impurities on engine operation. 

‘Senior Mechanical Engineer (Diesel), U. S. Naval Engineering 
Experiment Station. 

* Assistant Mechanical Engineer (Diesel), U. S. Naval Engineering 

Experiment Station. Jun. A.S.M.E. 
_ Contributed by the Petroleum Division and presented at a meet- 
ing, New York, N. Y., March 5, 1940, of the Metropolitan Section of 
Tue AMERICAN SocieTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


As a result of this and other work on Diesel fuels, a combined 
A.S.M.E., S.A.E., and A.S.T.M. group submitted several 
‘‘Diesel-Fuel Classifications,” one, in 1934, consisting of five fuel 
grades, in which ignitibility was considered an important factor 
for medium- and high-speed fuels. These specifications are given 
in Table 2. 

It was found impossible to obtain sufficient funds to carry out 
the extensive test program outlined by the joint A.S.M.E.-S.A.E. 
committee, due to the current financial depression, but, in 1933, 
a group of men formed the Volunteer Group for C. I. Fuel Re- 
search and carried out several series of cooperative experiments 
during succeeding years on the most promising methods of 
measuring ignition quality (1).2 The present ignition quality- 
test method is described in the 1938 transactions of the A.S.T.M. 

The original ‘Volunteer Group” has now become the Auto- 
motive Diesel Fuels Division of the Cooperative Fuel Research 
(C.F.R.) Committee, Society of Automotive Engineers, whose 
work was broadened in 1939 to include investigations of the effect 
of fuel volatility, cetane number, viscosity and gravity on full- 
scale performance, and engine deposits. Other factors such as 
the effects of sulphur, gums, carbon residue, and impurities on 
performance, maintenance, and engine wear are to be investi- 
gated in the future (2). 


MARINE-DIESEL-ENGINE FUEL REQUIREMENTS 


The essential requirements for a marine-Diesel-engine fuel 
are given in Table 3. They are listed according to their order of 
use rather than their relative importance. 


STORAGE AND HANDLING 


A primary consideration of Diesel fuels is that of storage and 
handling, as the fuel must be safe in storage, it must not deterio- 
rate, and suitable handling methods must be available. 

Fire Hazard. Although a Diesel-fuel vapor has a lower 
autoignition temperature than some of the more volatile hydro- 
carbons, fire hazard with Diesel fuel is considerably reduced 
because of its greatly lowered volatility. Tests have proved that 
Diesel fuel at its flash-point temperature, being run into a tank 
with sufficient force to produce considerable foam on its surface, 
will still not burn, only the foam being burned off when ignited 
by an electric spark. At temperatures below the flash point, 
only a small portion of the foam on the surface will burn. There- 
fore, Diesel-fuel fires, caused by electric sparks or open flames 
in or adjacent to Diesel-fuel storage, are practically nonexistent. 

Aging and Deterioration. Tests covering a period of years 
have shown that, for the distillate fuels investigated, including 
straight-run and cracked fuels and their blends, no reduction in 
the more important fuel properties occurred during long-time 
storage. Experience shows, however, that certain fuels are in- 
compatible, and when mixed will precipitate compounds which 
affect engine operation by forming sludge, gums, and lacquers. 

Corrosive Properties. All Diesel fuels are not chemically 
neutral, some containing small amounts of acidic materials. 
Such acids may effect engine wear and corrode injection equip- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 PROPERTIES AND SPECIFICATIONS OF EARLY DIESEL FUELS from 30 sec SU to 200 sec SU, although 
(Used in large slow-speed sri ig engine performance will differ markedly with 
Property 1906 1907 1908 19107 1926 1926¢ Widely varying viscosity fuels. 
Type of fuel. rude oll Pour Point. Pour point is the principal 
gravity Me 26.7 30.2 criterion of the fluidity of the fuel at reduced 
200 149 Min temperatures, although the cloud point should 
Viscosity, SSU at 98 50 be considered as the minimum temperature 
Water oh Trace Trace permitting certain pumping. Experimental 
ane 3.6 Max 3.05 Work (4) shows that an exact indication of the 
Asphalt, per cent, Italian tar test. 45 6  pumpability of fuels intended for low-tem- 
Tnsolabies Trace... ‘perature service requires actual low-tempera- 
0.17 1.34 0.4 ture pumping tests because of the different 
Total hydrogen, per cent. 12.5 i behavior of the wax structures and inconsist- 
60% y.... 572 Max... encies in injection failure in relation to fuel 
Heat value, Btu per Ib............ 19500 19272 19521 16000 Min 19125 19400 cloud and pour points. 


@ Dr. Diesel’s recommended specifications. 
> Great Britain sample. 
¢ New York sample. 


TABLE 2 A.S.M.E.- 


Preheated Fuels. Fuels too heavy to pump 
at existing temperatures may be handled by 


A.8.T.M. DIESEL-FUEL CLASSIFICATIONS 


(1929-1934-1938-1940) 


A.S.M.E. 
1929 
Progress 
ig ow — 1934— ———_1938—_ —. ———__ 1940 (Tentative) —__ — 
Property speed speed 1-D 3-D 4-D 5-D 6-D 1-D 3-D 4-D 1-D 2-D D: 3-D ‘ 4- D 
legal legal legal legal legal 
150 or 115 150 150 150 150 or 115 150 150 or 100 or 110 or 110 140 
Water and sediment, max, per cent......... 0.05 1.0 0.05 0.2 0.6 sa ne .05 0.1 O.6 0.05 0.05 0.1 0.5 
35 35 35 40 40 35 35 35 0 20 35 35 
Viscosity, SSU at 100 F, min............... 32 32 33 33 32.6 
Viacosity, SSU at 100 F, 100 200 50 70 50 70 250 45.5 65.0 140.0 
Viscosity, SSF at 122 F, max............... = 100 300 
Carbon residue, max, per cent..... ses eeeees 1.0 5.0 0.2 0.5 3.0 6.0 10.0 0.2 0.5 3.0 1.0 3.5 
Carbon residue, on 10 per cent residue, max, 
ee SO rr ee 0.02 0.08 0.01 0.02 0.04 0.08 0.12 0.02 0.02 0.04 0.01 0.01 0.02 0.05 
HOT GONE... 2.0 3.0 2.0 2.0 2.0 2.0 32.0 1.5 1.8 32.9 0.5 1.0 1.5 2.0 
Ignition quality: 
50 40 30 45 35 30 45 45 35 30 
Diesel 45 30 20 45 32 25 
90 per cent ‘distiliation F. oe es 675 
Final boiling point, max, F....... <> oe oe 590 
Copper-strip corrosion at 122 F............. Pass Pass 
TABLE 3 MARINE-DIESEL-ENGINE FUEL REQUIREMENTS 


1 and handling 

Minimum fire hazard ‘ 

Minimum aging-deterioration 

Minimum separation-settling 

Minimum corrosive properties 

Pumping 

a Adequate fluidity without preheating 
b Minimum sediments and waxes 


2 re engine performance 
High efficiency 
a_ Balanced ignition and combustion 
6 Combustion without exhaust smoke 
B High ignitibility for cold starting 


ment and storage tanks. Also, increased engine maintenance and 
casualties may occur through the action of metallic oxides which 
are not always removed by either centrifuging or filtering. 

Pumping. Pumping of the fuel must be considered from 
several standpoints as follows: 


a Pumping under cold-starting conditions, particularly in 
small-boat service. 

b Losses in volumetric efficiency of either transfer pumps or 
fuel-injection equipment, due to excessively high or low viscosities. 

c Preheating of the fuel, either in the storage tank or at the 
engine. 

d Precipitation of sediment and waxes on filters and in trans- 
fer lines. 


Tests have proved (3) that no difficulty in pumping will 
normally be encountered with fuels having viscosities ranging 


3 Low maintenance 
A Adequate ignitibility minimizing combustion shock, 
bearings, and engine wear 
B Minimum lacquer, gum-, and carbon-forming tendencies 
C Minimum lubricating-oil sludging 


cracked 


4 Minimum Wear 
Adequate lubrication for injection pumps and nozzles 
Minimum abrasive compounds 
C Minimum corrosive compounds 
D Minimum slow, acid combustion 


Production from domestic crude oils 

B Refining by commercial processes 
first heating them, thus reducing their viscosities to obtain 
sufficient fluidity for efficient pumping. Relatively elaborate 
heating equipment, however, is necessary, together with high 
rates of flow. Therefore, heavy fuels are tisually used only 
in large installations. Somewhat reduced maneuverability, due 
to inability to get under way quickly, increased fuel-bunker and 
engine maintenance, and danger of excessive engine wear and 
casualties, practically eliminates such fuels for modern, high- 
specific-power engines in the military services. 

Filtering and Pumpability. Some fuels are difficult to pump 
because of precipitation of waxes at normal temperatures, which 
clog filter bags, strainers, and pipe lines. These ill effects can 
only be guarded against by using suitable heating equipment or 
fuels having pour points from 15 to 20 deg below the lowest 
atmospheric temperatures encountered. 
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ENGINE PERFORMANCE 


The performance of a Diesel engine is measured by many 
factors, all interdependent. The effects of various fuel properties 
on some of these factors have been investigated, while other ef- 
fects are not yet fully known. 

The principal engine-performance characteristics are as follows: 


Specific fuel consumption 
Combustion shock 
Exhaust-gas temperature 
Exhaust-smoke density 
Maximum cylinder pressure 
Cold starting 

Engine wear 


The principal fuel properties believed to affect the engine- 
performance characteristics are as follows: 


a Ignition quality 

b Viscosity 

ce Volatility and distillation range 

d Carbon residue and impurities 

CETANE Hag 


2, 4, 4, 7, 9, 9, HEXA-METHYL - 1 


OVER 
Cig H CHy H HCH, 
ALPHA METHYL NAPHTHALENE 
IGNITION 22 C.R. 
ITY a REQUIRED 
a K 
COMPOSITION OF DIESEL FUELS, PERCENT 
Pereffins Olefine Naphthenes Aromatics 
(Cn#len) (Coen) (CpHn-y) 
Penne. 70—75 2-5 16—19 4-9 
Mid. Con. 5s0—74 2—14 1s—24 3—16 
West Coast  40—65 2—18 14—20 10—30 
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Ignition Quality. Ignition quality can be briefly defined as 
that property of a Diesel fuel which causes it to ignite readily 
after injection. It is measured by determining the percentage of 
cetane in a blend of cetane and alpha-methylnaphthalene which 
produces the same time delay between the beginning of injection 
and ignition as the fuel under test, a standard C.F.R. Diesel 
engine being used. An exhaustive treatise on this subject by 
T. B. Hetzel (5) together with an excellent bibliography has 
been published. 


The factors which govern ignition quality are chiefly chemi- 
cal: 


a Structure of molecule 
b Oxidation stability of molecule 
ce Size of molecule. 


Fig. 1 shows the chemical structure of two hydrocarbons, each 
composed of 16 carbon atoms, one of which has two more hydro- 
gen atoms than the second. The straight-chain saturated com- 
pound, cetane CisHy, has greater thermal instability than 
‘2,4,4,7,9,9-hexamethyl decene-1,” CisH32, which is more com- 
pact due to the six side chains in its structure. The third 
molecule, alpha-methylnaphthalene, Cy,Hio, is even more com- 
pact than the second and, due to its ring structures, will decom- 
pose and combine with oxygen only at very high temperatures. 

Compounds such as organic nitrates or peroxides are still 
more unstable in the engine cylinder than cetane, due to free 
oxygen liberated at comparatively low temperatures. The addi- 
tion of such compounds in proportions of 1 to 2 per cent will in- 
crease the cetane number of an average Diesel fuel by as much 
as 10 to 30 cetane numbers. 

The chemical factors influencing ignition quality cause fuels 
manufactured from certain crudes to have higher ignition quali- 
ties than others. Fig. 1 shows the relative percentages of the 
four general hydrocarbon families in the three general crude-oil 
types, which thus provide indications of their true average ignition 
qualities. The general order of the hydrocarbon families with 
respect to ignition quality is as follows: 

Paraffins—highest ignition quality 

Olefins—second highest ignition quality 

Naphthenes—third highest ignition quality 

Aromatics—lowest ignition quality 


PHYSICAL - CHEMICAL 
FUEL IGNITION INDICES 


ENGINE FUEL IGNITION INDICES i60 L FUEL IGNITION INDICES 
| |e 
60 — 120 + 4 80 
| wo DELAY METHOO | | | | PARAFFINIC | | 
60 pe T + 60 70 
DIESEL INDEX BO. | 
| + - + | + 60 
| | | } | 
80 1 | + + ~ 20 40 
CETANE NO. COR METHOD | 
60 0.80954 30 
° | VISC.-GRAV. CONSTANT-MOORE, ,| UNSATURATED 
40 2 + 0.88 20 
° 
20¢— — 0.80 a 10 
a 
80 0.98 ° 
GETANE NO.- MOORE @ | BOILING PT. -GRAV. CONST. - JACKSON | 
40 90 mer 20 
ere 
° | 800 210 30 
BLENDING OCTANE NUMBER] | 4, IGNITION TEMP.-AST AROMATIC 
20 
wa ce eee 880 900 980 1000 


MAXIMUM CYLINDER PRESSURE ,L 8/80 IN. 


MAXIMUM CYLINDER PRESSURE, 18/80 IN. 


MAXIMUM CYLINDER PRESSURE, L8/S0 IN. 


2. Corrgation or C.F.R. Enoine AND CHEMICAL-~CoMPONENT INDEXES OF 25 Diese. 
THe MaximuM CYLINDER PRESSURES DEVELOPED IN A 4-CrcLe ENGINE 


(Bore and stroke, 4!1/, in. by 6 in.; speed, 1200 rpm; 10-bhp single-cylinder engine. 


Data are for 8 bhp at 1200 rpm.) 
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Fig. 2 shows the correlation of thirteen methods of measuring 
ignition quality and the maximum cylinder pressures developed. 
Inspection of these curves shows that certain of these methods 
have greater sensitivity per unit of cylinder pressure, and that 
their data points lie closer to their average curves. They are, 
therefore, more accurate than the other ignition-quality indexes. 

These ignition-quality data were also similarly plotted against 
the ignition delay of the engine and computed combustion shock.‘ 
This work indicated that the calculated order of merit of the best 
seven of these ignition-quality-rating methods was as follows: 


1 Boiling point-gravity constant 
Cetane number, CCR 
Diesel index number 
Cetane number (Moore) 
Viscosity-gravity constant 
Aniline point 
Cetane number, KM delay 
Since aniline point is included in the now proved, more accurate 
Diesel index number, and cetane number (Moore) has been 
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Fig. 3 CorreELATION oF C.F.R. ENGINE AND 

INDEXES OF 83 Dopep AND UNpopep DiEsEL FUELS 

Wits Computep CETANE NuMBERS DETER- 
MINED IN A 2-CycLE DIESEL ENGINE 


superseded by engine tests using cetane, they were dropped from 
further consideration. 

Further tests using doped fuels, Fig. 3, showed that the physical- 
chemical indexes, i.e., Diesel index number, viscosity-gravity 
constant, and boiling point-gravity constant, plus the cetane 
number by the CCR method, were unreliable in predicting the 
performance of doped fuels. Thus Diesel-fuel ignition-quality 
determinations must be made in a running Diesel engine, pref- 
erably expressed as that percentage of cetane in a blend of cetane 
and alpha-methylnaphthalene which performs similarly to the 
fuel under test as regards ignition, i.e., equal ignition delays, 
equal critical compression ratios (just producing ignition), or 
other ignition criteria. 

The effect of fuel ignition quality on several engine-perform- 
ance characteristics for four different engines is shown in Figs. 
4, 5, 6, and 7. In every case, the maximum cylinder pressures 


4 Computed combustion shock 
- explosion pressure rise X burning rate 
104 


TRANSACTIONS OF THE A.8.M.E. 


OCTOBER, 1940 


MAIHAK. INDICATOR CARDS 


z 1000 1046 “TY 994 976) 7 | 

3 A— 9.73¢ 606°. 

4 4 | | 
ol 


CETANE NO 20 CETANE NO 50 CETANE NO 60 


OPEN TYPE COMBUSTION CHAMBER 


z 010 MAXIMUM CYLINDER PRESSURE - 
= 
~ 
wo 
970 
“ETT 
x 1 
+ SMOOTH COMBUSTION 
ow it 
0 
FUEL CONSUMPTION 
038 
20 30 40 50 60 70 80 


CETANE NO-KNOGKMETER DELAY METHOD 
CFR DIESEL ENGINE 


Fig. 4 Fur, PERFORMANCE IN A 2-CycLe ENGINE 
(Bore and stroke, 8 in. by 10 in.; speed 750 rpm; 75-bhp one-cylinder en- 


gine. Data presented are for 83 fuels, including 24 doped fuels, tested_at 
75 bhp and 750 rpm.) 
FARNBORO INDICATOR CARDS 
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tested a t 1200 rpm and 8 bh Pp.) 


and computed combustion shocks decreased with an increase iD 
fuel-ignition quality. Also, the specific fuel consumption in the 
open-type combustion-chamber engine, Fig. 4; the precombustion- 
type chamber engine, Fig. 5; and the air-cell-type chamber en- 
gine, Fig. 7, decreased with higher ignition-quality fuels. This 
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was not true, however, of an engine using another type of air-cell 
combustion chamber Fig. 6, as there was no noticeable change in 
fuel consumption between the limits of 30 and 60 cetane number. 

Cold Starting. Fig. 8 shows the results of cold-starting tests 
on a high-speed marine-Diesel engine. The graph is separated 
into four regions indicating the relative difficulty of starting the 
engine. A marked increase in the ease of starting was found as 
the ignition quality was increased from 20 to about 50 cetane 
number. Any given cold-starting temperature also required a 
given minimum cetane number before a start could be obtained. 
This minimum cetane number decreased as the air temperature 
was increased, 

A wide region of temperatures and cetane numbers was found 
Which produced ignition, but insufficient power due to very late, 
slow, and irregular combustion to enable the engine to continue 
running when the starting motor was disengaged. The extreme 
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lower left-hand corner of the graph shows a region where no igni- 
tion occurred in any cylinder at any time. 

Cetane Number Versus Smoke. Some investigations of Diesel- 
engine-exhaust smoke (6) show that smoke density is inversely 
proportional to cetane number, but that other factors have a 
greater influence on smoke than does ignition quality. This is 
particularly true of engine design. Fig. 9 shows the effect of 
fuel ignition quality and engine speed and load on the smoke 
density of a marine-Diesel engine when using three fuels of 35, 
44.4, and 55.4 cetane number which had similar 50 per cent distil- 
lation temperatures, i.e., 518, 526, and 525 F, respectively. At 
fullload and speed, 25 bhp and 1400 rpm, the 55.4 cetane-number 
fuel produced the greatest smoke; the 44.4 cetane-number fuel 
the next greatest, and the low cetane-number fuel the least smoke. 
The fuel consumption and exhaust-gas temperature were also 
minimum at from 30 to 35 cetane number. As the viscosity, 
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(Four-cycle powerboat Diesel engine.) 


carbon residue, sulphur content, and other properties, except 
for cetane number, were about the same, the difference in smoke 
density was largely due to ignition quality. 


MAINTENANCE AND WEAR 


A severe criticism of Diesel engines has been the high weight- 
to-horsepower ratio required by the high maximum pressure and 
shock loading imposed on the working parts. These factors 
also tend to increase maintenance and replacement of parts. 
It is recognized that proper fuels can alleviate these conditions 
considerably. 
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Computed Combustion Shock. An index of the effectiveness of 
the fuel in reducing the maximum pressures and shock-loading ons é 
has been developed by one of the authors (7), which includes the z y M 
sudden pressure rise following ignition and the rate of burning: 7 
during this combustion. This index also correlates well with 8 aor 7 ; : 
cetane number, as indicated by Figs. 4, 5, 6, and 7. These show Z 
that, in four different engines, an increase in cetane number ° y, WA ¥ ‘ 
results in a corresponding decrease in computed combustion A 
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output, and excessive smoke. These factors all influence engine 
maintenance adversely. 

Carbon Residue. The effects of fuels having high carbon 
residues (Conradson carbon) are shown in Fig. 11. In a large 
engine of the type tested, a percentage of carbon residue above 
about 3 per cent resulted in a decided increase in fuel consump- 
tion and exhaust-gas temperature. The true effects of carbon 
residue are not ascertainable in short-time tests, since carbon 
residue is closely connected with and involves other fuel proper- 
ties such as high distillation temperatures, cracked and lacquering 
hydrocarbon products, and impurities, which cause gradual 
changes in engine performance and increased maintenance costs 
and wear. 

Sulphur. Figs. 12 and 13 have been selected from the litera- 
ture (8) and are believed to present some of the best results 
on the effect of sulphur and water on cylinder wear. It may be 
noted that sulphur above approximately 0.7 per cent causes a 
marked increase in the wear rate. These investigators also state 
that such wear is of a corrosive nature due to the presence of 
sulphur trioxide in the products of combustion rather than 
sulphur dioxide as has been commonly believed. 

Water and Sediment. The wear of cylinders, pistons, and rings 
is affected by sand, grit, and dust, either from the fuel, lubricating 
oil, or the air. An unusual incident of dust affecting marine- 
engine wear is that of a Mississippi work boat, powered by Diesel 
engines which experienced excessive cylinder wear; requiring 
replacements of liners, pistons, and rings at an abnormal rate. 
After long investigations of fuel, lubricating oil, and other com- 
mon causes of wear, it was ascertained that the boat was re- 
quired to pass between long stretches of sandy bluffs gverlooking 
the river. The prevailing winds kept the air full of fine silica 
which caused the damage. The trouble was then easily corrected 
by the installation of efficient intake-air filters. 

Salt water, whether taken into the engine with the fuel or 
with the air, accelerates wear considerably as shown by Fig. 13. 
This action is almost wholly corrosive. Small amounts of chemi- 
cally neutral water do not appear to affect cylinder wear. 

Wear Versus Combustion. The manner in which combustion 
takes place also affects the wear of Diesel engines. Poor com- 
bustion can many times be directly traced to unsuitable fuels, 
i.e.: 

1 Viscosity may affect the deposition of fuel on combustion- 
chamber walls, since it controls fuel-spray penetration, atomiza- 
tion, and distribution. 

2 Volatility controls the rate of vaporization, the richness or 
leanness of the mixture, and distribution of the fuel spray, and 
thus the progress and completeness of combustion. 

3 Ignition quality controls the timing and location of igni- 
tion and, therefore, the condition of the fuel-and-air mixture 
during the initial stages of combustion. This in turn has a 
marked effect on all subsequent burning, during which the igni- 
tion quality further markedly influences the completeness and 
efficiency of combustion. 

4 High distillation-temperature fractions, cracked products, 
excessive carbon residues, and some impurities all influence the 
rate and completeness of combustion. 

These major factors determine, from fuel standpoints: 

1 The dilution of lubricating-oil films on the cylinder walls 
and their wear. 

2 The deposition of fuel carbon and lacquers on valves, 
pistons, rings, and cylinder walls, and their sticking and abnormal 
operation, causing combustion-gas blowby, destruction of lubri- 
cating-oil films, increased friction, overloading, overheating, and 
Increased or excessive engine maintenance and wear. 

3 The types and amounts of corrosive combustion products 


formed, causing direct, slight, but cumulative corrosion, during 
each combustion cycle, on dry cylinder-wall areas and thus their 
corrosive wear. 


ENGINE TROUBLES AND CASUALTIES CAUSED BY FUELS 


As soon as arrangements had been completed for presentation 
of this paper, letters were written to twenty-six selected com- 
panies requesting copies of current Diesel-fuel specifications for 
marine-Diesel engines and records of engine troubles and casual- 
ties caused by unsuitable fuels. While some companies claimed 
to have had no trouble from fuels, others cooperated by submitting 
comments and records. Too few records were received to permit 
of classification by fuel properties. However, Table 4 gives a 
summary of the essential data derived from this survey: 


TABLE 4 SUMMARY OF REPORTS ON aout TROUBLES AND 
CASUALTIES CAUSED BY FUELS 


Engine troubles and casualties Fuel-property causes 
1 Excessive carbonization: 

a Exhaust valves and piston 

rings t; 


(PC)¢ ie carbon residue; hard as- 
cracked, iacquering 
unds; impurities 
(KC)> Hig! carbon residue; hard as- 
phalt; cracked, iacquering 
compounds; impurities 


b Fuel nozzles 


to 


Lacquer formation: 
a Excessive lacquering of en- 
gine in few hours pre- 
vented operation 


(KC) Fuel was known cause; prob- 
ably highly cracked fuel or a 
blend containing residual prod- 
ucts 

(KC) Fuel was known cause; prob- 


b Stuck fuel pump plungers, 
ably contained lacquering gums 


prevented engine operation 
3 Corrosion, pitting: 

a Fuel - pump plungers, 
valves, and fuel nozzles 
were badly corroded and 
pitted 

4 Poor combustion: 
a Lubricating trouble; wear 


(KC) Fuel contained saline salts 


(KC) Excessive viscosity; 
also high carbon residue; hig 
end point; impuri- 


High distillation end point; 
low cetane number; high sul- 
phur 


b Bearing failures (KC) 


High maintenance: 


o 


a Fuel-injector valve stick- (KC) Incompletely refined, corrosive 
ing; cracked cylinder uel; plus small amounts of 
heads water and silica 

b Generally increased main- (PC) High carbon residue; hard 
tenance asphalt; cracked, lacquering 

compounds; impurities 

ec Generally increased main- (PC) High carbon residue; hard 
tenance asphalt; cracked, lacquering 


compounds; impurities 


2 (PC) = 
6 (KC) = 


robable cause. 
nown cause. 


Since more is often learned from troubles and casualties, if 
analyzed, than from “clear sailing,’’ it is hoped that a thorough, 
cooperative survey and classification of troubles and casualties 
caused in engines of various types by Diesel fuels may be made 
and correlated with the unsuitable fuel properties, in a future 
paper. 

DIESEL-FUEL PROPERTIES AND SPECIFICATIONS 
MaJor CLASSIFICATIONS 


There is considerable evidence to support the belief that Diesel 
fuels can be separated into four major classes, as follows: 


1 Fuels requiring heating and centrifuging or other cleaning 
before use. 

2 Fuels for large, slow-speed engines; about 14 in. cylinder 
diam or over and speeds below about 300 rpm. 

3 Fuels for medium-size, medium-speed engines; about 6 to 
14 in. cylinder diam and 300 to 1200 rpm. 

4 Fuels for small, high-speed engines; below about 6 in. 
cylinder diam and speeds from about 1200 to around 2600 rpm. 


Low cost is the principal reason for that class of fuels requiring 
heating and cleaning. Such fuels are not usually suitable for 
Diesel engines without thorough settling, centrifuging, or filter- 
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ing and heating by the user. There are sound technical as well 
as economic reasons for the existence of the slow-, medium-, and 


high-speed-fuel classes: 


1 Differences in the time available between various engines 
for all injection, ignition, and combustion processes. 

2 Differences in cylinder sizes and types of combustion cham- 
bers. 

3 Differences in the tolerations of kinds and amounts of de- 
posits formed on pistons and cylinders and in maintenance and 
wear. 


Time Available. A basic difference between all types and 
sizes of Diesel engines is speed or rpm. In large, slow-speed 
engines, each crank-angle degree is equal to a longer period of 
time than in a higher-speed engine and thus produces many 
effects on engine performance, viz.: 


1 Ignition delay, instead of comprising a period of from 15 to 
20 deg of crank angle as in the high-speed engine will only require 
from 2 to 5 deg, thus greatly reducing combustion shock and 
maximum cylinder pressure. 

2 Lower rates of injection are possible which again tend to 
reduce maximum cylinder pressures and effect better combustion 
control. 

3 Combustion will be completed much earlier in the power 
stroke, which produces higher thermal efficiencies, lower exhaust- 
gas temperatures, and cleaner exhaust gases. 
creases exposure of portions of the dry areas of the cylinders to 
the corrosive gases formed as intermediate products of com- 
bustion. 

4 More complete burning of the fuel is possible, tending to 
eliminate many of the partial products of combustion which ac- 
celerate cylinder wear such as carbon, gum, 
and organic acids. 
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creased in slow-speed fuels as compared to high-speed fuels and 
this is generally done as shown in Table 5 which gives average 
values from several typical specifications in each class. 

Cost. A major consideration when choosing a Diesel fuel is 
over-all cost, which includes the cost of the fuel and the effects of 
the fuel on maintenance, replacements, and efficiencies. There is 
little doubt that a slow-speed fuel will be the most economical 
to use except where lower costs, including maintenance factors, 
have been obtained from the use of the heater-type fuels. 


TABLE 5 AVERAGE VALUES OF IMPURITIES FROM TYPICAL 


SPECIFICATIONS 
Fuel Type 
Slow- Medium-  High- 
Cleanin, speed speed speed 
Property requir engine engine engine 
ee 2.4 2.0 1.5 0.75 
Water and sediment, per cent..... 0.5 0.5 0.3 0.1 
0.2 0.1 0.03 0.01 
Carbon residue, per cent......... 9.0 3.0 1.0 0.1 


TABLE 6 PROPERTIES AND SPECIFICATIONS OF DIESEL 
FUELS REQUIRING HEATING AND CENTRIFUGING OR OTHER 
CLEANING 

uel S.I 
Bunker _ oil fuel oil 
Property Cc No. 6 No. 3 Bunker B 
Flash point, F..........-seeess 210 248 150 min 200 max 
Viscosity, SSU at 100 F........ os 760 840 max 1000 max 
Viscosity, SSF at 86 F.......... 160 
Viscosity, SSF at 122 F......... 44 50 max 
Water and sediment, per cent... 0.5 bee 1.0 max 0.7 max 
Specific gravity at OOF........ 0.943 1.010 
A.P.I. gravity at 60 F.......... 13 min 
0.057 0.4 0.1 max 0.05 max 
Carbon residue, per cent....... 6.5 12.9 8.0 max 11.0 max 
Heat value, Btu per lb......... 18563 18275 18250 min _..... 
Diesel index number........... 


TABLE 7 DIESEL-FUEL SPECIFICATIONS FOR LARGE SLOW-SPEED ENGINES 


These effects greatly reduce the impor- 
tance of narrow and restricted limitations on 
fuel ignition quality, viscosity, volatility, and 
carbon residue. 

Cylinder Size and Combustion-Chamber T ype. 
Increases in cylinder sizes result in higher 
compression temperatures due to reduced 
heat losses on the compression stroke, better 
mixing of fuel and air, and less impingement 
of fuel on cold walls. The ultimate results are, 
again, shorter ignition delay, lower injection 
rates, and shorter and more complete com- 
bustion. Thus, fuel properties are affected 
by reducing the importance of narrow and 
restrictive specifications. 


DIFFERENCES IN CLASSIFICATIONS 


Number and Range of Properties Specified. 
Because the importance of fuel properties 
increases with engine speed, the number and 
range of property values change accordingly. 
Thus, high-speed-fuel properties are con- 
trolled by 12 to 16 property specifications 
and low-speed and heater-type fuels by 3 
to 7 specifications. The spread allowed in 
fuel-property values is usually very great 
for slow-speed as compared with high-speed 
fuels. The range in viscosity for a slow- 
speed unheated fuel is from 40 to 150 sec 
SU, as compared to a high-speed range of 
35 to 45 sec SU. 

Amount of Impurities. The maximum al- 
lowable amount _of impurities may be in- 


A.S.T.M. British User 

Property 1939 B.S.I. 1937 turer 1940 1940 1940 
Flash point, cc, min, F............... 140 “~ 150 - 150 
Water and sediment, max, per cent.... 0.5 1.0 0.6 0.5 1.0 
Viscosity, SSU at 100 F.............. 140 Max 840 Max 40-150 100 Max 65-130 
Carbon residue, max, per cent......... 2.5 8.0 3.0 1.0 0.75 
Ash, max, per cent..............200- 0.05 0.10 0.04 0.02 0.1 
35 35 0 10 
Sulphur, max, per cent............... 2.0 Ss 2.0 2.5 1.5 
Cotane number, 30 35 
Heat value, Btu per Ib, min. 18250 
Initial boiling point, min, 375 
90 per cent istillation’ temperature, 

Specific gravity at 60 F, max......... wa 0.935 wed 


TABLE 8 DIESEL FUEL MEDIUM-SPEED, MEDIUM-SIZE 


A.S.T.M._ B.S.I. 


1939 


Cetane number, min. 35 
Aniline point, min, F.......... 
Viscosity, SSU at 100 F........ 
Carbon residue, max, per cent. . 0.5 
Carbon residue on 10 per cent 

residue, max, per cent 
90 cent distillation point, 


10 1 oe cent distillation point, 
max, 
Flash point, min, F............ 
Pour point, max, F 
Ash, max, 
Water and sediment, max, per 
Precipitation number.......... 
Sulphur, max, per cent......... 
Corrosion at 210 F, max....... 
Heat value, Btu per lb, min. 
Specific gravity at 60 F, max. 
Specific gravity at 60 F, min. 
A.P.I. gravity, max...........- 
Water by distillation, max, per 
Sediment by extraction, max, 
per cent..... 


5 

0.02 
0.1 

Neutral 


British 
Foreign Manu- 
1937 navy facturer  Refiner 
1.13 
69 Max 60 Max 35-75 80 Max 
3.0 0.5 1.5 1.8 
662 

"150 "140 “150 “150 
30 14 ree 25 
0.03 0.05 0.05 0.02 
0.5 0.1 0.5 
0.25 
2.0 0.75 2.0 1.75 
Neutral 
18750 19000 
0.895 0.920 

0.840 

22.3 
0.25 
eee 0.1 
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Engine Deposits and Wear. Due to reduced exposure of 
cylinders to corrosive, intermediate products of combustion, the 
possibility of more complete burning, the tendency toward 
elimination of partially burned fuel, and the practical toleration of 
greater quantities and kinds of deposits and, consequently, wear 
in large engines, the specifications limiting the maximum amount 
of impurities become more liberal as the engine size increases 
and speed decreases. 

Availability. It is difficult to make rigid statements with 
regard to the comparative availability of the four classes of 
Diesel fuels, as conditions with regard to supply and demand 
change frequently. In general, the great range in Diesel fuels, 
from a light kerosene distillate to a heavy cracked residual fuel, 
greatly increases the availability of Diesel fuels as compared to 
carburetor-type fuels. 


EXAMPLES OF DIESEL-FUEL SPECIFICATIONS 


Heater-T ype Fuels. Table 6 shows examples of fuels requiring 
heating and cleaning before use. They are included in the general 
class of residual or bunker fuels and are characterized by high 
densities, sometimes heavier than water, high viscosities, 1000 
sec SU and above, high carbon residues, high percentages of 
asphaltic matter, and ash. 

Large Slow-Speed-Engine Fuels. Fuel specifications for large 
slow-speed engines are given in Table 7. These fuels are char- 
acterized by large ranges in viscosity, in one case, from 40 to 
200 sec SU, large distillation ranges, approximately 375 to 
850 F, high percentages of impurities, and ignition qualities down 
to 30 cetane number. The maximum limits for carbon residue 
vary considerably from a low value of 0.75 per cent to a high 
value of 3 per cent. The British fuel shown in Table 7 is of the 
heater type because of its high viscosity limit and percentages 
of impurities. 


TABLE 9 DIESEL-FUEL SPECIFICATIONS FOR LIGHT HIGH- 
SPEED ENGINES 


A.8.T.M. 
1-D British 
proposed B.8.1. Manu- 
Property 1939 1937 Refiner facturer 

Cetane number, min......... 45 Ss ea 38-48 
Aniline point, min, F........ 140 
Viscosity, SSU at 100 F...... ns 51 Max 35-45 35-40 
Carbon residue, per cent, max. aha 0.2 0.1 0.03 
Flash point, min, F.......... 100 150 150 150 
Sulphur, max, per cent....... 0.5 1.5 1.0 0.5 
65 per cent boiling point, 

Final boiling point, max, F 590 Pe a 700 
Ash, max, per cent.......... 0.01 0.01 0.01 0.02 
Pour point, max, F.......... 0 20 20 0 
Copper-strip corrosion at 122 F Pass 
Alkali and mineral acid...... Neutral 
Water and sediment, max, per 

0.05 0.1 0.1 0.2 
Heat value, min, Btu per lb 

A.P.I. gravity at 60 F........ a 29 .3-38 


26-29 
Color, N.P.A., max 


TABLE 10 U. 8. NAVAL DIESEL-FUEL SPECIFICATIONS 


Specification 
Property 7-0-2 7-0-2a 7-0-2b 7-0-2¢ 
General fuel type........ 


Hydrocarbon Distillate Distillate Distillate 


Diesel index number, min 40 465 


Viscosity, SSU at 32 F... 200 Max 200 Max eke aaa 
iscosity, SSU at 100 F.. 85 to 55 35 to 45 
our point, max, F...... 
‘ash point, closed cup, 

See 150 150 150 150 

Carbon residue, max, per 
0.5 0.2 

Total sulphur, max, per 

1.50 1.50 1.0 1.0 

W. » max, percent....... 0.1 0.1 0.01 0.01 
ater and sediment, max, 

Orrosion at 212 F...... 
per cent distillation 
mperature, F........ 
cipitation number, max 
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Medium-Speed-Engine Fuels. The ranges in viscosity and 
distillation temperatures for the medium-speed class, Table 8, 
are definitely less than for the slow-speed classification, ranging 
from about 35 to 75 sec SU and 350 to 750 F, respectively. 
The maximum allowable percentage ef impurities is reduced and 
the ignition quality has been raised to a minimum limit of 35 
cetane number and above. 

High-Speed-Engine Fuels. High-speed-engine fuels range from 
a light gas oil up into the kerosenes as shown in Table 9. They 
are typified by narrow ranges in viscosity and distillation tem- 
peratures, viz., about 32 to 45 sec SU and approximately 350 
to 650 F, respectively. Ash, sulphur, carbon residue, water, 
and sediment and corrosion are kept as low as is practical from 
the refining, handling, and cost standpoints. The pour point 
may be specified at zero, or below, as this type of fuel is often 
used in services where efficient cold starting and low-temperature 
pumping are important. The minimum allowable ignition quality 
has also been increased to an average of about 45 cetane number. 


CONCLUSIONS 


1 The approximate fuel ignition quality, in general, increases 
with engine speed, viz.: 


Heater-type fuel........... No limits 

Slow-speed fuel............ 25-35 Cetane number 
Medium-speed fuel......... 35-45 Cetane number 
High-speed fuel............45 Cetane number and above 


2 The allowable viscosity and distillation ranges become 
narrower, With lower values, as the size of the engine decreases 
and its speed increases, viz.: 


Viscosity range, Distillation range, 


Type of fuel SSU temp F 
Low-speed.............. 40-200 375-850 
Medium-speed........... 35-75 350-750 
High-speed.............. 35-45 350-650 


3 Carbon residue above approximately 3 per cent may cause 
marked increases in fuel consumption and exhaust-gas tempera- 
tures in relatively large slow-speed-type engines. 

4 Salt water, either in the fuel or the intake air, has progres- 
sively increased engine wear. 

5 Corrosive compounds inherent in the fuel or resulting from 
refining processes and subsequent incomplete removal have 
caused corrosion of storage facilities and injection systems re- 
sulting in engine failures. 

6 Sulphur above approximately 0.7 per cent has caused 
relatively rapid increases in engine wear. 

7 Ash should be held to a practicable minimum in all fuels, 
but the maximum allowable amount may increase with cylinder 
size. 

8 Sufficient data are not available to show, quantitatively, 
the effects of volatility, high boiling-point fractions, and carbon 
residue on the combustion characteristics of a Diesel engine. 

9 Sufficient data are not available to make analyses and draw 
comprehensive conclusions on the effects of sulphur, water, 
corrosive impurities, ash, incomplete combustion, gum- and 
lacquer-forming constituents, and cracked products on engine 
wear. 

10 The use of heater-type fuels, i.e., bunker fuel oils, in Diesel 
engines can be justified, generally, only on the basis of low over- 
all cost, including possible adverse engine performance and 
increased maintenance, wear, and casualties which, together 
with somewhat reduced engine availability, practically eliminate 
their use for modern, high-specific-power engines in the military 
services. 

11 The large variation in fuel-property specifications existing 
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within each fuel classification is caused by the large differences 
in present injection-system and combustion-chamber types and 
design details, which, in turn, prevent practical, fuel-specifica- 
tion standardization. 


BIBLIOGRAPHY 


1 Progress Report of Volunteer Group for C. I. Fuel Research, 
by T. B. Rendel, Trans. S.A.E., vol. 30, 1935, pp. 206-207. 

2 Minutes of the Automotive Diesel Fuels Division of the C.F.R. 
Committee, S.A.E., Sept. 20, 1939. 

3 “Effect of the Viscosity of the Fuel Oil on the Injection Equip- 
ment for Oil Engines,” by G. W. Baierlein, S.A.E. Annual Meeting, 
Detroit, Mich., Jan. 15-19, 1940 (available in mimeograph form). 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1940 


4 “Investigation of the Filteriag, Pumping and Injection Char- 
acteristics of Three Diesel Fuels at and Below Their Cloud- and 
Power-Point Temperatures,” Report, Serial No. EES-8903, U. 8. 
Naval Experiment Station, Annapolis, Md., Oct. 12, 1937. 

5 “The Development of Diesel-Fuel Testing,’ by T. B. Hetzel, 
Bulletin No. 45, Pennsylvania State College Engineering Experi- 
ment Station, 1936. 

6 “The Control of Smoke in the Automotive Diesel,’ by W. W. 
Manville, G. H. Cloud, A. J. Blackwood, and W. J. Sweeney, paper 
S.A.E. Annual Meeting, Detroit, Mich., Jan. 15-19, 1940 (available 
in mimeograph form). 

7 “The Characteristics of Diesel Fuel Oil,” by W. F. Joachim, 
A.S.M.E. Meeting paper, published in Diesel Power, May, 1935, pp 
283-286 and 288-290. 

8 “Fuel and Wear in Diesel Engines,”’ by J. J. Broeze and B. J. 
J. Gravesteyn, British Motorship, vol. 19, 1938, pp. 216-218. 


|__| 
3 
and 
diff 
boil 
ing. 
ture 
bec: 
> furn 
crea 
heat 
Soc 
und 


Superheat Control and Steam Purity 
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High-Pressure Boilers 


By MARTIN FRISCH,' NEW YORK, N. Y. 


The author discusses the problem of designing a high- 
pressure boiler to deliver steam at high temperatures. 
The problem becomes more difficult as the capacity in- 
creases since proper selection and maintenance of boiler 
materials, design of the separate boiler and furnace units, 
and maintenance of the latter becomes increasingly more 
difficult if superheat control and steam purity are to be 
maintained. The author analyzes these design features 
and points out the compromises necessary to meet varying 
operating conditions. He discusses superheater design, 
maintenance of heat-absorbing surfaces, boiler circula- 
tion, relation of furnace-exit temperatures to slagging and 
boiler performance, and safe metal temperatures in water- 
walls and superheaters. 


HE problem of designing a high-pressure steam-generating 

unit to deliver steam at high temperature becomes increas- 

ingly difficult as the capacity increases The most impor- 
tant of the many phases of the problem are: 

1 The maintenance of external cleanliness of the heat-absorb- 
ing surfaces. (Freedom from slagging.) 

2 The maintenance and control of the desired steam tempera- 
ture over the desired load range. 

3 The production of steam of the required purity. 

4 The maintenance of safe metal temperatures in the pressure 
parts of the superheater and boiler. 

The first two phases of the problem are difficult to reconcile 
because with the low furnace-exit temperatures conducive to 
slag-free operation it becomes difficult, if not impossible, to ob- 
tain high steam temperatures over a wide load range with a con- 
vection superheater of practical size. 

Increases in steam-generator capacities are generally provided 
for by proportional increases in furnace volume. But slag-free 
operation with a unit of one size, and coal, does not mean that 
slag-free operation will follow at the same liberation rate with 
the same coal if the size and capacity are materially increased, 
because, at the same rate of heat release in the furnace per cubic 
foot of furnace volume, the larger the furnace, the higher the 
furnace-exit temperature. Fig. 1 shows that as the furnace vol- 
ume increases, there is a rapid decrease in the available furnace 
perimeter per cubic foot of volume which may be covered with 
radiant-heat-absorbing surfaces. This ratio may be considered 
4s an index of the cooling capacity of the furnace. For example, 
if the furnace volume is doubled, the cooling-capacity index de- 
creases 25 to 30 per cent. The furnace-exit temperature, as 
shown by the upper left-hand curves for a furnace of constant 
height increases rapidly with furnace volume. Furthermore, if 
100 per cent of the available surface perimeter is not covered with 
heat-absorbing surfaces, or if the surface is installed but made 
ineffective by slag, the furnace-exit temperature rises rapidly. 
Thus if 25 per cent of the surface is not effective or not cooled, 


‘ Chief Engineer, Foster Wheeler Corporation. Mem. A.S.M.E. 
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the furnace-exit temperature will be about 200 F higher than 
would be the case if 100 per cent of the perimeter is cooled. 

If a limit is placed on the maximum permissible furnace tem- 
perature, the size of furnace which may be designed to comply 
is definitely limited. The lower the height of the furnace and the 
smaller the portion of the furnace perimeter that is cooled, the 
smaller the size of unit that may be honestly considered to com- 
ply, unless (a) the heat release is reduced as the capacity is in- 
creased in about the same ratio as the furnace-cooling index de- 
creases, or (b) the amount of radiant-heat-absorbing surface in- 
stalled per cubic foot of furnace volume is increased in some suit- 
able manner. 

Alternative (a) means larger and higher furnaces with lower and 
lower rates of heat release as the capacity is increased and is the 
simplest solution if the space is available. If space conditions 
limit the amount of furnace volume which may be provided, it 
is possible to subdivide the available furnace volume into two or 
more furnaces using radiant-heat-absorbing partition walls. 
Each subdivision adds two such walls with a possible increase of 
25 to 30 per cent in the cooled wall surface per cubic foot of fur- 
nace volume. This corresponds to a reduction of about 100 F or 
more in the furnace-exit temperature. 

The curves at the right of Fig. 1 indicate the marked increase 
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in available furnace-wall area per cubic foot of furnace volume 
obtainable by subdividing the furnace into twofurnaces. There 
is a correspondingly lower furnace-exit temperature for a given 
furnace volume for the same heat release per cubic foot. The 
same low furnace-exit temperature could be attained at the same 
capacity in a conventional single-furnace unit by reducing the 
heat release 25 to 30 per cent or for the examples used from 
22,000 to between 16,500 and 15,400 Btu per cu ft per hr. 

While low furnace-exit temperatures are desirable to preven! 
slagging of the boiler and superheater, the permissible temper 
ture reduction is limited by the superheater characteristics 
desired and by the type of superheater used. If a convection 
type superheater must produce a very high steam temperature 
at a very low load, its proportions may be impractical, or unece 
nomical, unless the furnace-exit temperature is so high that slag: 
ging of the superheater becomes certain. 

For example, the lower curves of Fig. 2 show typical super 


heater characteristics obtainable with full-load furnace-exit 
peratures of 1800, 2100, and 2400 F and corresponding gas inlet i 


temperatures to superheater of 1700, 2000, and 2300 F. 


With an 1800-F furnace-exit and a corresponding 17007 | 
superheater inlet temperature, it is possible to design a supe” | 


heater for a constant final steam temperature of 850 F at 1350 p* 


from half load to full load. With a superheater of prohibitiv® 
and impractical size it might be possible to obtain the same ©” | 
trol range with a final steam temperature of 900 F. Howeveh | 
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it would be impossible to obtain 950 F, except at loads exceeding 
70 per cent of full load. If the gas temperature to the super- 
heater is increased to 2000 F, it is possible to obtain 850 F final 
steam temperature down to about 30 per cent, and 900 F 
final steam temperature down to 40 per cent of full load. With 
a gas temperature of 2300 F’, it would be possible to obtain 850 F 
final steam temperature down to 27 per cent, and 900 F final steam 
temperature down to 40 per cent of full load. The relative cost 
of superheaters for 850, 900, and 950 F final steam temperature 
over a load range from one half to full load may be approximated 
from the upper curves of Fig. 2 which show the comparative 
surfaces for these various gas temperatures. Assuming as a basis 
gas at 2300 F and 850 F steam temperature over 50 per cent load 
range, it may be seen that 60 per cent more surface is required 
when the superheater inlet gas temperature is 2000 F, and 260 
per cent more surface is required when the gas temperature is 
1700 F. 

To obtain 900 F final steam temperature over a 50 per cent load 


a range, the amount of surface required with a superheater gas-inlet 


temperature of 1700 F is four times that necessary with 2300 F and 
2.6 times the surface adequate at 2000 F. 

Obviously, the designer limited to the use of a convection super- 
heater is forced to compromise between low furnace-exit tempera- 
ture—slag-free operation—and sufficiently high gas temperature 
for a practical superheater to give the desired steam temperature 
over the required load range. 

Many purchasers who have been, or are, troubled by slagging 
difficulties arbitrarily specify that new units for them should be 
designed so that the furnace-exit temperature will be below the 
lowest expected ash-fusion temperature. In some cases it is even 


_ more drastically demanded that the furnace temperature should 


be less than the initial deformation or agglomeration tempera- 
ture. For eastern coals this temperature may be as low as 1800 
to 1900 F. 

Such severe specifications cannot be honestly complied with by 
conventional units with convection superheaters, especially in 
large units for high pressures and temperatures if fired with low- 


' grade coals of high ash content and low ash-fusion temperature. 


If sufficient furnace and radiant-heat-absorbing surfaces can be 
provided to cool the gases to the desired low value before leaving 


_ the furnace, it may be found impossible to obtain the desired final 


steam temperature over the required load range with any practi- 
cal convection-superheater arrangement. This difficulty may 
only be side-stepped by accepting a furnace-exit temperature 
which may be several hundred degrees higher than originally pre- 
scribed, or by using radiant-superheating surface in place of 
waterwall surface for furnace cooling. 

Slagging of superheaters and boiler tubes ahead of them is 
responsible for a great deal of capacity reduction, outage, and 
cleaning expense. Periodic or continuous hand lancing is often 
required to keep such units in service because soot blowers and 


7 deslaggers fail to check fouling. Furthermore hand lancing is 


laborious, disagreeable work, and there may come a time when 
men willing to do such work will be scarce. It is possible to de- 
sign steam-generating units in which slag formation may be kept 
under control and the desired steam-temperature characteristics 
obtained. 

The use of multiple furnaces offers a happy solution of the 
problem of getting high steam temperatures over a wide load 


» ‘ange with low furnace-exit temperatures and comparative free- 


dom from slagging. One of the chief limitations to the use of all 
Superheaters, namely, the difficulty of keeping metal temperatures 
within safe limits during the starting period, can be eliminated 
with a multiple furnace arrangement by confining the radiant 
Superheater to one furnace which is fired up only after the boiler 
starts to generate steam. In sucha case, the radiant superheater 
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Fie. 4 A Twin-FurNace Unit With Rapbiant SuPERHEATER IN 
One Furnace, Havine a Capacity or 120,000 Ls or Steam PER He, 
INSTALLED AT Moose Jaw, Sask., CANADA 


is never exposed to fire unless steam is flowing through it. 

A number of successful twin-furnace boilers have recently been 
put into successful operation with and without radiant super- 
heaters. Fig. 3 shows a twin-furnace unit, with only a convection 
superheater, which has a capacity of 100,000 Ib per hr at 725 psi 
and 750 F final steam temperature. It was installed at Oil City, 
Pa., in 1935 and was followed by a duplicate order in 1939. Fig. 
4 shows a twin-furnace unit at Moose Jaw, Saskatchewan; one 
furnaee is cooled by a radiant superheater while the other is cooled 
with waterwall tubes only. This unit has a capacity of 120,000 
lb of steam per hr at 650 psi and 850 F final steam temperature. 
It includes no convection superheater. Fig. 5 shows a twin- 
furnace unit at the Windsor Plant with a radiant superheater in 
one furnace, in series with a booster convection superheater re- 
ceiving gases from both furnaces; the capacity is 750,000 Ib of 
steam per hr at 1350 psi and 925 F final steam temperature. The 
units shown in Figs. 3, 4, and 5 all burn pulverized coal having an 
ash-fusion temperature often as low as 1900 F. 

While the use of multiple furnaces with or without radiant 
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Fie.5 A Twin-FurNAce Unit 
Wits RapiantT SuUPERHEATER 
in One Furnace IN 74! 
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Has a Capacity oF 750,000 FF Fuel 
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LocatTep aT Powger, W.Va. F Mai 
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superheaters permits the reconciliation of the conflicting objec- 
tives of high steam temperatures and low furnace-exit tempera- 
tures, there are sometimes obstacles in the way of applying such 
designs. Then conventional, single-furnace units, as shown in 
Fig. 6, must be designed to satisfy the operating conditions as 
well as possible. This unit, located at New Castle, Pa., is one of 
seven of the type in operation in various parts of the country with 
a variety of coals. It generates 400,000 lb of steam per hr at 900 
psi and 900 F final steam temperature. 

Table 1 shows comparatively the furnace characteristics of the 
units illustrated in Figs. 3, 4, 5, and 6. 

Whether or not it is possible to reduce the furnace-exit tem- 
perature as much as desired, the slagging tendency may be mini- 
mized by fine pulverization. Fine particles burn faster than 
coarse particles and may be expected to contain less unburned fuel 
residues when they pass out of the flame into the clear gas space 
between the flame and the furnace exit. Such particles can then 
give up heat by radiation to cold surrounding wall surfaces. If 
the particle path with respect to the furnace cooling surfaces 
and the flame is correct, the rate of heat dissipation by radiation 
from the particle will exceed the rate of heat reception by the 
particle by radiation from the flame and by convection from the 
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TABLE 1 FURNACE CHARACTERISTICS OF BOILERS SHOWN 
IN FIGS. 3, 4, 5, AND 6 
Capacity, lb per hr...... -+»» 100000 120000 400000 
Pressure, lb per sq in........... eee 725 650 1555 

Final steam temperature, F........... 750 850 925 900 
Heat release, Btu per cuft perhr..... 21200 20200 23700 24500 
Furnace volume V, cu ft............. 6280 8700 40000 21950 
Furnace perimeter S, sq ft............ 2875 3390 9174 5378 
Furnace cooling-capacity index, S/V... 0.458 0.389 0.229 0.308 
Max cooling surface possible per cu ft, 

Actual cooling surface installed per cu 

0.390 0.560 0.340 0.390 
Coverage, 54 92 94 78 
Height of furnace, ft................. 34 34 72 62 
temperature: 1700 1720 1900 

per cent coverage........... 950 

At actual coverage................ 1830 1740 1930 2 A Stranparp Unit Pan 

Ash-fusion temperature.............. 1900- 2000- 1900- 2200- Pennsytvanta Coax. It Is at New Castle, 


2300 2100 3000 2600 _ AND Has a Capacity or 400,000 Ls or Steam PER Hr 
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surrounding gases. The smaller the particle, the more certain it 
is to be frozen throughout by the time it passes into the boiler 
and superheater. 

The additional cost of grinding fine will be partially offset by 
fuel savings due to reduced carbon loss and more than offset by 
the reduced cost of boiler cleaning and savings due to fewer out- 
ages and resultant loss of production. For example, experience 
indicates that in the average installation burning Pittsburgh coal 
one may expect the relationship between fineness, fuel loss due 
to incomplete combustion, and power consumption and mainte- 
nance for a ball-mill job, to be approximately as given in Table 2. 


TABLE 2 RELATION BETWEEN FINENESS OF PULVERIZED 
COAL, FURNACE PERFORMANCE AND MAINTENANCE 


Coal fineness, per cent through 200 mesh... 65 70 80 90 
Fuel loss due to incomplete combustion, per 

cent of fuel fired 
Fuel loss, Ib per ton burned............... 40 36 28 20 


Power consumption, kwhr per ton......... 13 15 21 30 
Coal equivalent of power at 1.5 lb perkwhr 19.5 22.5 31.5 45 
Maintenance cost, cents per ton........... 0.9 1.0 1.4 2.0 
Coal equivalent of maintenance cost for coal 

pet ces 3.6 4.0 5.6 8.0 
Net coal equivalent of carbon loss + power 

consumption + maintenance........... 63.1 62.5 65.1 73.0 
3.16 3.12 3.26 3.65 


Under these conditions the minimum coal consumption occurs 
at a fineness between 70 and 75 per cent through 200 mesh. If 
the power consumption or its eoal equivalent is lower, or the car- 
bon loss higher, the economical fineness is higher. Actually one 
may safely conclude that considerable increases in fineness may 
be made without materially increasing the over-all fuel cost. If 
the savings due to reduced slagging, reduced boiler-cleaning ex- 
pense, outage, and loss of production are considered, increased 
fineness will actually be found to result in lower over-all costs of 
steam production. The value of fineness should really be evalu- 
ated in terms of its effect on slagging, unit reliability, and avail- 
ability. Fig. 9 shows the effect of fineness on the over-all cost of 
making steam, in terms of the fuel used for three sizes of plant, if 
cleaning crews, as indicated, receiving $40 per week per man are 
used, 

While steam-generator reliability and availability depend to a 
large extent on adequate provisions for slag control, the accept- 
ance of a unit depends also on its ability to deliver steam of ex- 
tremely high purity. 

Steam which is to all intents chemically pure is now required by 
nearly every steam-generator specification in order to minimize 
turbine-capacity loss due to blade deposits or hazards due to tur- 
bine control-valve fouling. The problem of producing steam of 
such purity is tied up with boiler circulation, water-level control, 
and feedwater conditioning. The problem of feedwater condi- 
tioning will not be discussed in this paper. Nor can the design 
problems involved in providing a safe circulating system be com- 
pletely discussed in the space available. However, it is well to 
review general principles governing natural circulation. These 
are as follows: 

(2) Circulation is easier to maintain in vertical or nearly 
vertical tubes than in horizontal or slightly inclined tubes. 

(6) The water flow to be provided per tube in order to main- 
tain it in a furnace at the highest rate of heat input likely to occur 
is based entirely on experience which indicates that an internally 
clean tube will not fail if the entering velocity of steam-free water 
18 Over 1 fps, and the ratio of water by volume leaving a tube is 
hot less than 5 per cent. 

(©) The total circulation in a circulating system suitable for 
high-pressure operation increases as the operating pressure de- 
creases. The system, therefore, may be safely operated at lower 
pressures up to limiting capacities which vary with the pressure. 
The superheater pressure drop, rather than circulation, limits the 
capacity attainable at low pressure for, except at very low pres- 
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sures, the circulation is good enough to permit operation of the 
boiler and waterwall at capacities up to or in excess of the maxi- 
mum capacity at the design pressure. 

(d) The total circulation decreases slowly with decrease in 
output, except at extremely low loads, when the decrease becomes 
more rapid. 

(e) The total circulation in a given system is a maximum if 
the water supplied to the circulating system is free of steam. 
Therefore, it is important to so design the system that the water- 
wall supply tubes or downtakes entrain as little steam as pos- 
sible. 

Fig. 7 summarizes a circulation analysis of a completely water- 
cooled steam-generating unit designed to deliver 300,000 lb of 
steam per hr at 1375 lb per sq in. at the superheater outlet with 
1450 lb per sq in. in the drum. Three groups of curves show the 
characteristics of the waterwall circulation system at the full 
drum operating pressure of 1450, 850, and 200 lb per sq in. abs, 
respectively. The dashed curves show the effect of steam en- 
trainment of as much as 25 per cent by volume by the down- 
comers. This amount of steam entrainment reduces the total 
circulation materially but not sufficiently, except at a drum pres- 
sure of 200 lb per sq in., to limit the safe capacity of the system. 
A capacity limitation at this low pressure would be advisable be- 
cause of the reduction in amount of water by volume at the dis- 
charge ends of the front wall tubes. 

A high-pressure unit would not ordinarily be operated at such 
low pressure and high capacity because superheater pressure drop 
would increase rapidly with decrease in superheater outlet pres- 
sure. Nor would a good design lack provisions to prevent steam 
entrainment by the water-supply tubes. Therefore, the real 
significance of the curves is that the tubes of a properly designed 
circulating system would be safe under most conceivable operat- 
ing conditions. 

The rate of circulation in the furnace waterwall system has a 
controlling effect on the L~havior of the water levels in the boiler 
and on the problem of steam purification. 

Since the bulk of the steam produced by the steam-generator 
unit is made by the waterwall system and the first four rows of 
the boiler, the bulk of the water circulation will be in these ele- 
ments. Only a small fraction of the total steam produced and 
a correspondingly small portion of the total circulation will occur 
in the other boiler tubes. In view of this, if only the steam pro- 
duced by these relatively inactive tubes is delivered to the rear 
drum below the water line, the turbulence in this drum from this 
source will be slight and the density of the water-steam emulsion 
below the water line relatively high. Therefore, it is usual prac- 
tice to locate the steam purifier, through which the steam passes 
on its way to the superheater, in this the most quiet drum Q and 
to limit turbulence in the drum by connecting all waterwall risers 
or discharge tubes to drum T' in which the turbulence is naturally 
greater. This means that the bulk of the circulating water flows 
into the more turbulent drum T' first where a preliminary separa- 
tion of steam and water is induced. The steam flows to the 
quiet drum Q through the steam circulators SC. The problem is 
to return the water to the circulating system. This is accom- 
plished by taking it through the water circulators WC into the 
quiet drum Q whence it flows to the lower drum D and thence 
through the downtakes DT to the waterwall system. 

The head for causing the water to flow through the water circu- 
lators is made up of two elements: 


a = The head corresponding to the pressure difference between 
drums 7’ and Q, and 
b = the elevation of the level in T above the level in Q. 


Element a increases approximately as some power (about 2) of 
the load. 
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Fic. 7 CrgcuLaTIon ANALyYsis OF A THREE-Drum HicH-PREssuRB STEAM GENERATOR AT VARIABLE-PRESSURE OPERATION 


Element 6 depends on the magnitude of a, the density of the 
water in 7 and Q, the total amount of water delivered to drum T 
by the circulatory system and which must be returned to the 
quiet drum and thence to the circulating system. 
circulators were infinite in number and a were zero, b would be 
independent of a. If the value of 6 under these conditions is 
indicated by bo, then 


b=bh—a 


The value of bo as shown by Fig. 8 changes slowly with load 
since the total circulation as may be seen by Figs. 7 and 8 
does not change very rapidly with load above a certain low 
load. 

Fig. 8 shows approximate relationship between b, bo, a, and the 
load. 

The elevation of the water in the turbulent drum varies with 
load as shown by the curve b. Obviously, it is desirable that at 
no load should the elevation 6 rise to the level of the lowest steam 
circulator. This is less important from the point of view of 
carry-over (if an adequate purifier is installed in the other drum) 


If the steam. 


than from the point of view of having a steady water level. |! 
the level b is allowed to rise above any of the steam circulators, 
these become water circulators and the number of steam circ 
lators is correspondingly reduced. _If one row of steam circulator 
out of three become water circulators and cease to become steal 
circulators, the steam velocity in the circulators increases by 5 
per cent and a increases approximately 125 per cent. The water 
circulator capacity is correspondingly increased and the effect i 
to instantly depress the level in the turbulent drum. As soon 4 
the level is depressed below the steam circulators the origind 
pressure and head conditions are re-established and the level start 
to rise again. This process repeats itself indefinitely and cause 
the often observed swinging water level. This may be correcte! 
in five ways: 

1 Raise the turbulent drum. 

2 Lower the controlled level in the quiet drum. 


3 Increase the number of water circulators or take some of tht f 


water supply for the waterwall system directly from the turbr 
lent drum so that the water circulators will not have to handle i! 
4 Decrease the number of steam circulators. 
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Load, ib./Hr. 


Load, 1000 Hr. 


Fie.8 Srupy or WaTerR-LEVEL BEHAVIOR IN A THREE-DruUM HicH-Pressure BorLer aT VARIABLE-PRESSURE OPERATION 
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5 Arrange the waterwall discharge tubes to have as many as 
possible discharge above the water line in the turbulent drum, 
thus making the density of the steam-water mixture below the 
water line as great as possible. 

Of these five correctives, the fourth one does not have as much 
efiect as one might expect. Tests of a number of boilers have 
borne this out. The reason for this may be seen by referring 
to Fig. 8 which makes it clear that the effect of increasing the 


pressure drop between drums by decreasing the number of steam 
circulators becomes marked only at very high loads. On the 
other hand the maximum elevation of the level in the turbulent 
drum above that in the quiet drum occurs near half }-ad when the 
pressure drop a through the steam circulators is small compared 
with the head required to cause the circulating water to be trans- 
ferred from the turbulent drum T' to the quiet drum Q through the 
water circulators WC. 
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FINENESS PERCENT THRU 200 MESH 


Fic. 9 Errect or FINENESS ON THE OvER-ALL Cost oF MAKING 


Most three- and four-drum bent-tube boilers built in the past 
and still being built are not equipped with an adequate number of 
water circulators between drums. In this may be found an ex- 
planation, at least in part, for the absence of water in the back 
drum of a four-drum boiler at high loads and for fluctuating water 
levels and the swamping of the front drum of most three-drum 
boilers at intermediate loads. 

The desirability of elevating the turbulent drum with respect 
to the quiet drum a reasonable amount and of connecting this 
drum to the quiet drum with as many water circulators as pos- 
sible is self-evident. 

Steam of uniformly high purity under all conditions is more 
certainly obtainable if the water levels behave in a predictable 
manner. Too much emphasis cannot be placed on the necessity 
of having the waterwall and boiler circulation properly coordi- 
nated to this end. 

Having taken steps to establish proper water-level behavior, 
steam of high purity may be obtained by washing or by the use 
of moisture-eliminating devices which, if the boiler-water con- 
centration is very high, must be nearly 100 per cent effective. 
With steam washers, since the entrained moisture contains smaller 
quantities of impurities than the boiler water, the drying of the 
steam need not be as effective. 

Steam washers work on the principle of exchanging for the very 
impure boiler water, feedwater of much higher purity and then 
subjecting the mixture of steam and entrained feedwater to a 
drying operation. One effective exchange method is to bubble 
the steam through the feedwater at extremely low velocities. 
The exchange efficiency of this type of washer is between 80 and 
90 per cent, and steam with as little as one part per million may 
be obtained with a boiler-water concentration of 2500 ppm using 
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a feedwater for washing which contains up to 200 ppm of impuri- 
ties. Certain types of feedwater treatment make the advisability 
of steam washing questionable because of the tendency of the 
washer to sludge up too rapidly. Under such conditions the 
washer should be easily accessible and cleanable so that it may be 
washed out periodically. It is not advisable to use washers for ex- 
tremely low pressure because of the difficulty of providing suf- 
ficiently low steam velocities through the washer. 

When the steam delivered by the boiler is of the purity required 
by the turbine, safe metal temperatures in the pressure parts of 
the superheater will be a natural consequence if the superheater 
design gives sufficiently high steam flow through the tubes. For 
a 2-in, tube the flow should be in excess of 2000 lb per tube per 
hr and preferably of the order of 3500 to 4000 Ib per hr. This 


makes it necessary and wise to allow for a reasonably high pressure > : 
' drop through the superheater. 


For a 1200 to 1350-lb per sq in, 
job the pressure drop should certainly not be less than 50 lb per 


sq in., and if the unit is to be operated at very low loads for con- ; 


siderable periods the pressure drop might better be 75 to 100 lb 


per sq in. in order to assure good distribution at the lowest load. [ i 


For example in a unit operating at one-fifth load the superheater 


would have a pressure drop of only 4 lb per sq in. if the full load : 


pressure is 100 lb per sq in.; at one-tenth load the drop would kk 
1 Ib per sq in. 

The metal temperatures in the pressure parts of the boiler and 
waterwall system will be safely low if the circulation is satis 
factory and obeys the criteria previously outlined. 


CONCLUSIONS 


The chief problem in the design of steam generators of high 
reliability especially for high-pressure and high-temperatun 
operation in large sizes is the proper reconciliation of the opposed 
aims, low furnace-exit temperatures with freedom from slaggix 
and high steam temperatures over a wide range with a practicd 
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superheater. G 

High fineness of pulverized coal helps to minimize the slaggiy Al 
problem as does the use of multiple furnaces with radiant «| | 
combination superheaters. 

Freedom from circulation troubles can be attained by prope In 1 
design of the circulating system. This involves the use of #| © amour 
adequate number of waterwall supply and discharge tubes s| 
distributed that all parts of the system receive their proper shat| | Pressu 
of the circulating water as free of steam as possible and utilizes! 7 neglec 
proper share of the available pumping head. Internal clew) 4 V8"4t 
liness of the tubes must not be overlooked. a densit 

Steam of high purity may be obtained more easily if the cirtt| ~ In | 
lating system is so designed as to assure proper behavior of tht — second 
water in the boiler drums so that the maximum amount of steas 7" °"™ 
space is always available. ES 

Superheater-metal temperatures will be safe if the steam is put 7 ~ g 
and the steam flow rate through the superheater elements is si! 4 °™t 
ficiently high. Waterwall-metal temperatures will be safe! 7 vm 
internal cleanliness of the tubes is maintained by adequate wal? 
treatment and periodic cleaning and if the circulatory system! q % i 
of proper design. , 
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= _ drogen, air, nitrogen, and carbon dioxide, as well as 
empirical formulas for the properties of the mixture of 
hydrogen with any of the other three gases, and to show 
how accurately the performance of a heat exchanger in 
ip | hydrogen or hydrogen mixtures may be predicted from 


y 

: With the increased use of hydrogen as a cooling medium 
“| in rotating electrical machines, it has become important 
ap to know the properties of hydrogen diluted by small 
, - amounts of another gas. Using these properties it is 
« possible to predict the operation of the machine in a 
or | hydrogen mixture from the results of tests made in air 
er | (OF pure hydrogen. It is the purpose of this paper to 
ig | Present a summation of data on the properties of hy- 
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tests in air. 

ter 

yad NOMENCLATURE 

bey The following nomenclature is used in the paper: 
- i p = pressure, lb per sq in. abs 


tis ; t = temperature, F 

7 p = density, lb per cu ft 

: c = specific heat at constant pressure, Btu per lb per deg F 
: ph = viscosity, lb per ft per hr 


igh k = thermal conductivity, Btu per ft per deg F per hr 

vue fl (1—y) = fraction by volume of hydrogen in a binary mixture 

seed = fraction by volume of second gas in the binary mixture 
zig h = local gas-side heat-transfer coefficient, Btu per sq ft per 


sical deg F per hr 
i G = weight velocity, lb per sq ft per hr 
AP = pressure drop, in. water 


ging 
at GENERAL ConpITIONS 
ope In this study of the properties of hydrogen diluted by small 
fg)» mounts of another gas, since the pressures encountered in hydro- 
6 ni gen-cooled machines are generally less than 2 atm, the effect of 
han| Pressure on specific heat, viscosity, and conductivity has been 
ie neglected. The relations given are for atmospheric pressure but 
lean variation in pressure causes little change in properties except 
_ density for which a pressure term is included. 
ire » In hydrogen-cooled machines the per cent by volume of the 
ft second gas is small; therefore, the range of mixtures over which 
teas information is desired is 0 to 15 per cent by volume of the second 
mes. Fig. 1 shows the variation of the properties of mixtures of 
pol hydrogen and nitrogen at 70 F as a function of the composition. 
or §From the curves it is evident that most of the variation takes place 
mw the first 15 per cent of the second gas is added. The rapidity 


j of the variation, as the heavier gas is added to the hydrogen, may 
7 pbe due to the wide difference in molecular weights but, whatever 
he cause, the result is that the presence of small amounts of a 
neavy gas in hydrogen causes a marked change in properties and, 
Pence, a change in the operating characteristics of the fans or 
heat-transfer equipment. 

Due to the scarcity of data on the subject of tertiary mixtures, 
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Properties of Hydrogen Mixtures 


By A. W. BRUNOT,' LYNN, MASS. 


there has been no attempt made to cover such mixtures in this 
paper. Instead the paper will deal only with binary mixtures of 
hydrogen with air, nitrogen, or carbon dioxide. 

Density. The density of the individual gases may be pene 
lated directly from the perfect-gas laws. The densities thus 
computed check very closely the values reported in the Inter- 
national Critical Tables and are the basis for the formulas to be 
presented. 

The density of a mixture of two gases may be calculated directly 
from Dalton’s law. The author has found it more convenient to 
use, instead of the actual density of the mixture, a density factor, 
which is merely the ratio of the density of the mixture to the 
density of pure hydrogen under the same conditions of tempera- 
ture and pressure. 

The density of pure hydrogen is given by the relation 


Pp 
Pu 0.188 » + 460 
The density factors are as follows: 
Hydrogen-air............. = 1 + 13.36y 


= 1 + 12.90y 
= 1 + 20.83y 


Specific Heat. The data on the specific heat of gases at con- 
stant pressure are quite plentiful and the results of various jin- 
vestigators check quite closely. The most recent and reliable 
data have been published by G. B. Taylor (1)? and W. M. D. 
Bryant (2). Their formulas hold throughout a range of 0 to 3500 
F with a maximum deviation of 1 per cent for hydrogen and 3 


Hydrogen-carbon dioxide. 


125 9.045 
100 4.0408 4 1.08 
ra 
075 4.035 3 
w : 
050 7.030 124.04 
On, 
025 4,025 Xx — 
L 
k ph PER CENT NITROGEN BY VOLUME Cp @ 


Fie.1 Properties or Mixtures At 70 F 


per cent for nitrogen and carbon dioxide. The data for hydro- 
gen, nitrogen, and carbon dioxide were taken directly from these 
sources, while the data for air were calculated from Bryant’s data 
on nitrogen and oxygen, assuming the air to be 20.9 per — 
oxygen and 79.1 per cent nitrogen by volume. 


The specific heat of a gas mixture appears to obey the well 
known law of mixtures, that is 


? Numbers in parentheses refer to the Bibliography at the end. af. 
the paper. 


port: 
Hydrogen-nitrogen....... 
5 
wa 
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Cm = Wala + 


where w, and wz, are the fractions by weight of the two gases 
present and c, and cz their specific heats. The specific heats of 
the pure gases and the mixtures are given by the following rela- 
tions: 

= 3.430 + 5.75 X 10-%t + 4.27 X 
Cair = 0.2341 + 3.44 X — 0.463 10-84? 


Nitrogen........cn = 0.2407 + 3.26 X 10-% — 0.380 
Carbon dioxide. .cco. = 0.2016 + 9.18 X — 1.736 X 10-%? 
1 
H ir....¢, = ——_—— [3.430 — 0. : 
ydrogen-air....c,, 1 + 13.36y [3.480 — 0.068y + (5.75 
+ 43.65y)10-% + (4.27 — 10.92y)10~%?] 
H i .C_ = ————— [3.430 — 0. 
ydrogen-nitrogen . .c,,, 1+ 12.90y [3.430 — 0.084y + (5.75 
+ 39.56y)10-% + (4.27 — 9.55y)10~*t?} 
Hydrogen-carbon 1 


—-—_— [3.4 0.971 
[3-490 + + (5.75 
+ 194.65y)10-% 4 (4.27 — 42.17y) 10-2] 


Viscosity. The available data on the viscosity of pure gases 
were investigated; the values used as a basis for this paper being 
selected from the International Critical Tables (3). Formulas to 
fit these data over the range of 0 to 250 F were then determined. 

A search of the literature for a means of calculating the viscos- 
ity of a mixture of gases showed that several different formulas 
had been proposed. Gille (4), working with helium and hydro- 
gen, referred to the work of Puluj and Theisen on the viscosity of 
mixtures. Trautz (5) proposed a different formula and Schréer 
(6) and Adzumi (7) give semitheoretical methods of determining 
the constants in the equation of Theisen. Application of these 
equations to data on hydrogen-nitrogen mixtures indicated that 
the equation of the form proposed by Theisen best fitted the data. 
This equation is of the form 


Me 


= + 
y 


where y is the fraction of volume of gas 2, and A; and A: are con- 
stants. It was found that the constants in the equation as 
determined by the method of Schréer (6) and Adzumi (7) fitted 
the data fairly well and included a term for temperature. How- 
ever, since the relations proposed by Schroer (6) and Adzumi (7) 
necessitate an empirical determination of one term and since the 


TABLE1 VISCOSITY OF HYDROGEN-NITROGEN MIXTURES 


Nitrogen, —Ratio of calculated to reported value— 


Temp, 
F per cent Puluj Trautz Schréer Author 
66 19.23 1.0482 1.1454 1.0301 0.9999 
66 33.28 1.0329 1.0995 1.0369 1.0034 
66 49.47 1.0139 1.0522 1.0320 as 
66 79.79 1.0048 1.0140 1.0193 1.0033 
212 20.49 1.0586 1.1599 1.0528 1.0136 
212 32.81 1.0355 1.1078 1.0319 1.0073 
212 49.47 1.0171 .0571 1.0334 1.0042 
212 81.95 1.0012 1.0105 1.0132 1.0003 


variations of the constants with temperature are small over the 
range of 0 to 250 F, the author chose to determine empirically the 
constants at an intermediate temperature and apply them over 
this temperature range. Table 1 shows the variation in the 
values obtained for the viscosity of hydrogen-nitrogen mixtures, 
using the methods of Puluj, Trautz, Schréer, and the equation of 
Theisen with empirical constants as determined by the author. 
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The table shows the ratio of the calculated value to the value 
reported in Tables Annuelles de Constantes et Données Numeri- 
ques (8). 

Rammler and Breitling (9), in an article dealing with the vis- 
cosity of flue gases, mention two approximate equations for the 
viscosity of a mixture but application of these equations to mix- 
tures of hydrogen and nitrogen shows a variation from the data 
reported in the Tables Annuelles de Constantes et Données 
Numeriques (8) which is comparable to that obtained using the 
method of Trautz. 

It will be noted from Table 1 that the variation between the 
calculated and reported values increases as the per cent of nitro- 
gen is decreased in all cases except the author’s formulas. Since 
the region in which we are interested is the region of small amounts 
of the second gas, the author has in each case determined the 
constants to be used in the equation by direct substitution of 
the selected data and these are the values reported. 

The data used in determining the empirical constants for the | 
hydrogen-nitrogen mixture were taken from the Tables Annuelles 
de Constantes et Données Numeriques (8), while those for the 
hydrogen-carbon-dioxide and hydrogen-air mixtures were taken 
from the International Critical Tables.* 

The viscosity of the pure gases and their mixtures are given by | . 
the following relations: 


459.6 
Hydrogen......... = 0.02035 = 
yarogen MH (‘ 491. 6 
07.6 t+ 459.6\"" 
t + 675.6/\ 491.6 | 
732.4 t+ 
Nitrogen........... = 0.04259 - 
923.6 t+ Fre. 
Carbon dioxide... ... CO, = = 
arbon dioxide 0.03361 (, ry 801 a)( 491.6 
Hydrogen-air u,, = 
1, — 
1+ ( +0386 (' 
y 
Hydrogen- 
nitrogen. . u,, = 
—y 
Hydrogen-carbon 
dioxide...y,, = + 
1 + 1.704 (, 1+ ons 
y 


Fig. 2 shows a comparison of the viscosity as calculated from 7 
the foregoing equations and the values reported for hydrogel 
nitrogen mixtures in reference (8) and for hydrogen-air 0 : 
hydrogen-carbon-dioxide mixtures in the International Critic! 
Tables.* 

Thermal Conductivity. The experimental data on the therm i 
conductivity of gases were scanty and quite scattered as to valu’ 
probably due to the difficulty of measurement. 

The available data for the last 20 years or so were plotted wi 
showed a marked increase in the value for any particular gas 0" | q 
this time. The amount of increase was 4 to 5 per cent and ¥# | ~ 
definitely upward for all gases, hence, the most recent data we" 
selected for use in this paper. While it is common to see tH aq 
formula for thermal conductivity of pure gases written in 8 fon 


+ Bibliography (3), pp. 5 and 6. 
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using Sutherland’s constant, the author could not find enough 
variation from a straight line to warrant the use of any formula 
but the straight line K = ko(1 + at), hence this is the formula 
used in calculating the conductivity of the pure gas. The equa- 
tions reported for the pure gases do not strictly follow any par- 
ticular set of data but rather represent an engineering estimate of 
the probable value over the range of 0 to 250 F. 

There were few data on the conductivity of gas mixtures and 
no formula was found in the literature to fit the data. However, 
the same type of equation as used for the viscosity of a mixture 
was found to fit the data very well if the constants were empiri- 
cally determined from two test points. 

There were available no data on the thermal conductivity of a 
hydrogen-air mixture. There were, however, data on hydrogen- 
nitrogen‘ at 32 F and hydrogen-oxygen® mixtures at 72 F. Since 


045 
~ H2-C02@ § 
a 
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w 
2 
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air is nearly a 4:1 mixture of nitrogen and oxygen, an attempt was 
made to predict the conductivity of hydrogen-air mixtures from 
these data. The constants for mixtures of hydrogen-nitrogen 


and of hydrogen-oxygen were determined empirically from the 
> data mentioned. Calculated curves for these two mixtures 


> were then drawn at 70 F and the curve for the hydrogen-air mix- 


@Hydrogen.......... ku 
Keir 


> tures drawn between them. Because of the 4:1 ratio of nitrogen 
» to oxygen in air, the estimated curve for hydrogen-air mixtures 
_) was drawn so that the distance from the hydrogen-oxygen curve 
> was ‘/, the distance between the hydrogen-nitrogen and hydrogen- 
oxygen curves, 


The data on the hydrogen-carbon-dioxide mixtures were taken 


from Physicalish-Chemische Tabellen (10). 


The formulas for the thermal conductivity of the pure gases 


and their mixtures are given as follows: 


= 0.0942(1 + 0.00148?) 
= 0.0133(1 + 0.00170t) 


ky 0,0130(1 + 0.001702) 
Carbon dioxide....... = 0.00783(1 + 0.002662) 
k, = ka + 
1 + 2.70 1 + 0.243 
y 


ie Bibliography (8), p. 60. 
Bibliography (3), p. 214. 
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Hydrogen-carbon ku 


dioxide....k, = > 
1 + 2.85 1 + 0.200 
y 


Fig. 3 shows a comparison between the values as calculated us- 
ing these equations and the values as reported‘ for hydrogen- 
nitrogen mixtures and for hydrogen-carbon-dioxide mixtures in 
reference (10). 

Prandtl Number. One of the common dimensionless groupe 
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used in heat-transfer work is the Prandtl number eyx/k. Accord- 
ing to the kinetic theory of gases, this group is a constant for al) 
gases having the same number of atoms per molecule. This is 
true for ideal and pure gases but there is a variation in the 
value for impure gases. It was believed that, when two diatomic 
gases were mixed, this constant remained the same for all com- 
positions, since the value was the same for either of the pure gases 
alone. Fig. 4 shows a plot of this constant as a function of com- 
position for the three gas mixtures treated in this paper. It will 
be noted that the “constant”’ is far from a constant and varies 
nearly 50 per cent from its value for a pure gas. 

The value of the Prandtl number for the pure gases, as deter- 
mined from the data given in this paper, will vary slightly with 
temperature instead of remaining constant. This variation is 
due to the manner in which the equations for the various proper- 
ties are expressed. The variation over the range of 0 to 250 F is 
less than 0.5 per cent and for all practical purposes this is negli- 
gible. 

Application of Data. To illustrate how closely the performance 
of a heat exchanger in hydrogen can be predicted from the results of 
tests made in air, the data in the paper were applied to a com- 
mercial surface air cooler of the extended-surface type, manu- 
factured by the author’s company. This cooler was tested, using 
air and pure hydrogen and five runs were made with 8.22 per cent 
nitrogen in the hydrogen. 

From the tests using air, the pressure drop and gas-side heat- 
transfer coefficient were determined. From these values, and the 
properties of hydrogen and nitrogen, the pressure drop and gas- 
side coefficient were estimated for pure hydrogen and a mixture 
of 91.78 per cent hydrogen and 8.22 per cent nitrogen by volume. 

The pressure drop AP in inches of water is plotted against a 
modified Reynolds number in Fig. 5. The dotted lines show the 
estimated pressure drop based on the air tests, while the points 
show the values as obtained by actual test. It is apparent that 
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the predicted values are well within the accuracy of the tests and 
it is possible to predict accurately the pressure drop of a heat ex- 
changer when operating in a medium other than that in which it 
was tested. 

In Fig. 6 is shown the local gas-side heat-transfer coefficient h 
plotted against a modified Reynolds number. Again, the dotted 
lines show the estimated values based on the air tests, while the 
points show the values obtained by actual test. Within the 
range of Reynolds’ numbers covered by the air tests, the test 
values for the hydrogen lie close to the estimated curve. Below 
this''range, the values depart from the estimated curve but are 
still within 10 per cent of the estimated value. This variation is 


h 
due to the fact that the heat-transfer factor j = ( =) is not 


cG\k 
a straight line when plotted against Reynolds’ number but falls 
off slightly at the lower Reynolds number. 

The points for the mixture of hydrogen and nitrogen are 
slightly below the estimated curve but, since only 4 points 
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are shown, this cannot be conclusive. The 4 points shown are 
all within 10 per cent of the estimated value and the accuracy of 
the data on these particular runs was not very high. 


CONCLUSION 


The comparison of the estimated pressure drop and heat-trans- 
fer coefficient with the test values shows clearly that it is possible 
to predict the performance of a heat exchanger which is operating 
in a fluid other than that in which it was tested. Care must be 
exercised in extrapolating the available data but, within the 
range of the available test data, the estimated performance will 
be well within engineering accuracy. 


It is the hope of the author that the information presented in ‘ 


this paper will further the application of hydrogen-cooled ma- 
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chines and will permit the extension of available test data on per | ; 


formance in air to cover the application of hydrogen and hydrogen | — 
mixtures. 
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Discussion 


M. W. Bearpsey.* Specific-heat data have been published 
since the references cited by the author, and there are now avail- 
able equations? which cover substantially greater temperature 
ranges and have at least equal accuracy. For the temperature 
range of interest in this case, calculations can be considerably 
simplified by using the constant specific-heat values given in 
Table 2 of this discussion. 


TABLE 2 CONSTANT SPECIFIC-HEAT VALUES 
Maximum 
cp error, 
Gas Btu per lb per deg F deg F per cent 
H: 3.430 30-250 0.9 
Air 0.243 0-250 0.5 
N2 0.249 0-250 0.3 
CO: 80-250 5.2 
A : -USoy 30-250 
Hrels 2.016-+26.81 (all proportions) <1.0 
6.91 + 0.06y 30-250 
HerNe 2.016+25.98y (all proportions) <1.0 
HCO: 6.91 + 2.44y 30-250 Pre 


2.016441. 98y (for y S 0.10) 
y = per cent by volume of gas other than He 


The constant values shown for air and N: are actually more 
accurate over the cited range than the equations given in the 
paper. The value for H; is not as accurate as the equations above 
100 F. The value for CO, is not recommended for accurate work, 
but the author’s equation for CO, is over 3 per cent high for tem- 
peratures less than 80 F. 

This information on specific heats is offered as data that can 
be more easily employed in calculations covering a limited tem- 
perature range. 


W. M. D. Bryant.* The writer was gratified to observe that 
his gaseous molecular-heat data® had been of service in this re- 
search. The author has characterized these as “the most recent 
and reliable data.”” Neither designation is any longer strictly de- 
served, for several papers on the subject have appeared since 1933 
and some have incorporated refinements of unquestioned value. 
For example, Murphy’ has fitted a series of quadratic equations 
to some of the precision spectroscopic values later used by Dr. 
Heck. The loci of these equations are in some cases 2 to 3 per 
cent closer to the true values than those of the writer’s equations. 
Also Sweigert and Beardsley’ have derived some rather intricate 
equations which fit the spectroscopic curves with remarkable pre- 
cision. However, it is doubtful that the use of these more recent 
data would alter the author’s calculations to a significant degree. 


H.W. Emmons."' The data used by the author in constructing 
his formulas appear to be the latest now available. As a con- 
venient reminder, the valid temperature ranges for the various 
formulas should perhaps have been listed with the formulas 
rather than being buried in the text. 

In general, the formulas chosen are those with some theoretical 
support, the constants being evaluated from test data. The ex- 

* Research Fellow, State Engineering Experiment Station, Georgia 
School of Technology, Atlanta, Ga. 

™“Empirical Specific-Heat Equations Based Upon Spectroscopic 
Data,” by R. L. Sweigert and M. W. Beardsley, Bulletin No. 2, State 
Engineering Experiment Station, Georgia School of Technology, 
Atlanta, Ga. 

_ *Ammonia Department, Chemical Division, Experimental Sta- 
tion, E. I. du Pont de Nemours & Company, Wilmington, Del. 

’ Bibliography of paper (2). 

. * “The Temperature Variation of Some Thermodynamic Quanti- 
ties,” by G. M. Murphy, Journal of Chemical Physics, vol. 5, 1937, pp. 


637-641. 
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ception, noted by the author, in the formulas for k is entirely justi- 
fied from the point of view of available (and reliability of) present 
data. The Sutherland constant appears in the theoretical for- 
mula for k because of its direct appearance in uv and the theoretical 
prediction that f = k/ues is constant. Since the Sutherland 
formula for » fits the data for gases quite well (the author uses 
this form for air, nitrogen, and carbon dioxide), while the relation 
f = constant is only approximately true for actual gases at various 
temperatures, the thermal conductivity could not be expected to 
fit a formula with the same Sutherland constant. 

The formulas for » and k of binary mixtures adopted by the 
author do not agree with the latest theoretical work.'!2 However, 
for the limited data now available, the empirical formulas with the 
empirical constants as given fit the data very well and are much 
easier to use than the theoretically more nearly correct equations. 

The considerable variation of Prandtl number with composition 
is interesting and is nicely verified for practical purposes by the 
accuracy with which the heat-transfer performance for hydrogen- 
nitrogen mixtures can be predicted from the test data with air. 

The experimental checks on the accuracy of calculations made, 
using the data presented, are excellent. The general value of the 
paper to those not familiar with the field would have been greatly 
increased if the author had devoted slightly more space to the di- 
mensionless relations used in predicting performance of heat ex- 
changers from air test data. 


F. G. Knyes.'* The paper is well developed as regards subject 
matter. A suggestion of possible interest relates to the theoreti- 
cal work of Enskog who developed the kinetic theory of viscosity 
and heat conductivity on a very broad basis using the van der 
Waals molecular-field concept. This leads easily to a theory of 
mixtures which might find application. 


G. W. Penney.'* The effect of small percentages of heavier 
gases in hydrogen has been of interest ever since the cooling of 
machines by hydrogen was seriously considered. As plotted in 
Fig. 6 of the paper, the heat transfer for 91.78 per cent H; and 
8.22 per cent H; appears poorer than that of pure hydrogen. 
However, in electric machines there are many cases where the 
velocity may tend to be more or less fixed by peripheral speeds. 
At a given linear velocity, a small percentage of a heavy gas 
usually improves the surface heat transfer. This fact made the 
effect of mixtures of considerable importance when hydrogen was 
first being considered. In studying this effect, tests were made 
at the Westinghouse Research Laboratories 12 to 15 years ago. 
Fig. 7 of this discussion gives the results of a test on a duct which 
showed a marked improvement in heat transfer when a small per- 
centage of carbon dioxide is added to hydrogen. 

The effect of a mixture of CO, in hydrogen on the surface heat 
transfer is shown when the fan speed was held constant in the 
duct system tested. This closely approximated the condition in 
many electric machines when the gas composition was varied in a 
given machine. Under these conditions the gas velocity was 6350 
fpm for pure hydrogen and increased to 6460 fpm for 22 per cent 
CO, by volume, and to 7040 fpm for pure COs. The heat transfer 
plotted is the heat dissipated from the external surface of a cylin- 
drical member 1*/is in. outside diam by 18 in. long and located 
concentrically inside a cylindrical duct of 2 in. inside diam. The 


12“The Mathematical Theory of Non-Uniform Gases,” by S. 
Chapman and T. G. Cowling, Cambridge University Press, London, 
England, 1939, pp. 230 and 242. 
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heat transfer plotted is the watts per square inch divided by the 
logarithmic-mean temperature difference. 

In Fig. 7, the heat transfer is plotted for a gas velocity which 
varied only slightly. In order to apply such results more gener- 
ally, tests for a range of velocities are needed, and it is desirable 
to plot the results on some dimensionless basis. McAdams in his 
book on heat transmission gives many examples of this. In these 

FAN SPEED CONSTANT. GAS VELOCITY 
6350 FT./MIN. FOR PURE HYDROGEN 


INCREASING TO 7040 FT/MIN. FOR 
0.16 PURE CO2 


2 


g 
& 


"A*-WATTS PER SQ. IN. PER_DEG. CENT. 


0.1! 
PERCENT CARBON DIOXIDE BY VOLUME 
WESTINGHOUSE RESEARCH 
LABORATORES 


Fie. 7 Heat-Transrer Resutts or Test on Duct SMALL 
PsRCENTAGE OF CARBON Drox1pE ADDED TO HypROGEN 


examples the abscissa is usually related to Reynolds’ number and 
the ordinate usually contains the Prandtl number (Cu/K). By 
this means the three curves shown in Fig. 6 of the paper can be 
reduced to one common curve by the proper choice of coordinates. 
Such curves are valuable, but their usefulness is limited because 
& given curve applies actually only to geometrically similar sur- 
faces. In the examples given by McAdams, the effect of the 
Prandlt number varies widely, depending upon the shape of the 
surface being cooled. For heat interchangers, many different 
shapes are used so that the experimental data reported are in- 
sufficient to cover the various designs being used. 

The author has given a concise review of information which 
was previously scattered through the literature, but he has 
avoided the question which seems to the writer to be of major im- 
portance, namely, the application of these data to the multi- 
plicity of shapes occurring in electric machines. When tests 
have been made on one particular shape, it is, of course, easy to 
secure good agreement with calculations on a geometrically simi- 
lar surface. But it is difficult to predict the effect when a different 
geometrical shape is used. 

It would be of value, if the author in his closure would include 
a dimensioned sketch of the heat-interchanger surface on which 
the tests of Fig. 6 were made. Each manufacturer usually has 
such data for his particular type of surface, but it is difficult to get 
sufficient data on different shapes. 


R. L. Swetcerr.* It is the writer’s belief that the author has 
made a use of specific heats which does not seem quite necessary 
in dealing with hydrogen mixtures under the conditions under 
which those mixtures exist when used as a cooling medium. 

The specific-heat equations used in the paper do not possess the 
accuracy stated, within the temperature range which the author 
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gives. The error of the nitrogen and carbon-dioxide equations 
becomes very large at the higher temperature given in the paper, 
The error for the hydrogen equation is considerably smaller, 
The type of equation used is unsatisfactory for a wide temperature 


range. More recent accurate data and equations’ on specific 
b 
heats are available, the new-type equation being a — T + r 


rather than a + 67 + fT?. 

For ordinary temperature ranges, relatively close to atmos- 
pheric temperatures, older data may vary less than 3 per cent 
from the new, and the results from such data may come well 
within the limits of practical accuracy. 

In the author’s case, constant values of specific heat could have 


been used just as well, with accuracy equal to that of the equa- — 


tions used. Regardless of the possible inaccuracy of the results 


for higher temperatures from the specific-heat equations used, the 


author’s results for the temperature range with which he was con- 
cerned were not materially affected, as is indicated by the agree: | 
ment of calculated and experimental results. 


Avrtuor’s CLOSURE 


The principal criticism of all the discussers appears to be that 
the specific-heat data used may be 2 to 3 per cent at variance 
with the latest values. This fact was admitted by the author in 
his presentation of the paper but it must also be admitted that, 
at the present time, there is no marked agreement as to the spe- 
cific heat even of air. In view of the fact that most heat-transfer 
calculations are excellent if they are within 5 per cent of the true 
value, this variation of 2 to 3 per cent is not of too great conse 
quence. 

In answer to Mr. Penny’s question, as to the application of the 
presented heat-transfer data to “the multiplicity of shapes occur- 
ring in electrical machines,” it was not the author’s purpose to 
enter into the prediction of the heat-transfer coefficient for s 


which the heat-transfer coefficient may be predicted for any gs 
if the value in air is known. 


Mr. Penny’s conclusion that the heat transfer was poorer for 


the hydrogen mixture with 8 per cent N; than with pure hydroged | ~ 


is true if we consider constant values of Reynolds’ number. Ifs 


multitude of shapes but rather to demonstrate the accuracy wit) | 
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constant value of linear velocity or a constant value of weig!! 4 
velocity were used, the same would not be true. Assuming th! 7 


cG 


constant G and constant linear velocity (or G/p), we would obtsi2 ; : 
three different curves as shown by Fig. 8 of this closure. It m3) 


h G\~- 9.26 
(2) then for values of constant G/+ 


readily be seen that, under conditions of constant linear velocity, — 
the coefficient rises and then falls off in much the same manne — 


as in Mr. Penny’s tests. 
velocity are held constant, the heat-transfer coefficient falls stest 
ily as the fraction of impurity rises. 
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In electric machines, the velocity of the gas is nearly constant 
and is fixed by the machine speed. The heat-transfer coefficient 
may be improved by adding CO, or N: to the hydrogen. If this 
were the only result, this would be the proper procedure but it 
may be shown that adding nitrogen to 10 per cent of the total 
volume and maintaining constant velocity will give about 8 per 
cent increase in heat-transfer coefficient. It will also increase 
pressure drop by 75 per cent and the power required to circulate 
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the gas by 75 per cent. In many Cases, it is desirable to put in 8 
per cent more heat-transfer surface in order to save 50 per cent 
of the power required ; this fact must be borne in mind in all 
problems. 

The author wishes te thank all the discussers for their helpful 
comments and criticisms and trusts that the data as set forth in 


the paper will prove helpful to those interested in hydrogen- 
cooled machines, 
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Experimental Drying 


By D. L. COOPER anp A. L. WOOD,' HALIFAX, N. S. 


This paper deals with an investigation of moisture- 
regain values for salt-fish muscle which show a particu- 
larly rapid change in the range between 60 and 75 per 
cent relative humidity. The determination of experi- 
mental drying-rate curves in this range requires study, 
for much of the commercial drying as now carried out is 
done within this range. The author describes the system 
customarily used for this purpose. Dry- and wet-bulb 
regulators, employing thermionic relays capable of giving 
control of experimental air conditions in the order of 
0.01 F dry and wet bulb, were used in the investigation. 
Drying-rate curves over a limited range using this method 
of control are presented. 


to commercial drier design and fabrication, is now rec- 

ognized as essential in the development of such equip- 
ment. As a result, several types of laboratory equipment have 
been evolved for this purpose. In general, such equipment is 
suitable for the majority of requirements; it is only when an odd 
material is subjected to experiment that a more refined type of 
equipment is required. Necessary methods of securing satisfac- 
tory air flow are well established, but considerable improvement 
in control is now possible by the use of the newer types of equip- 
ment developed during the last decade. 

The purpose of this paper is to describe certain refinements in 
experimental drier control but, in addition, an outline will be 
presented of the methods and limits of experimental testing as 
applied to the drying of salt fish, for the controls were developed 
to satisfy the requirements of this odd material. 


Te experimental testing of materials, as a preliminary 


MarTeErIAL TO Be Driep 


The material to be dried may be roughly considered as a 
biological structure, containing as formative matter 22 per cent 
salt, 56 per cent water, and 22 per cent protein. It may be fur- 
ther loosely defined as a saturated solution of common salt, given 
a definite form, and held by a substrate of protein, which was 
the original muscle of the fish. It has been shown that a more 
complex combination between salt and protein is formed which 
has an activity greater than the saturated salt solution itself but, 
since this could not be detected by equilibrium-moisture measure- 
ments, therefore, the first and more simple concept is sufficient 
for the needs of the drying engineer. 

This protein-salt complex is highly hygroscopic, and severe 
shrinkage of the protein substrate complicates the problem. The 
formation of a tough, nearly impervious skin during drying under 
certain conditions is another factor which must be considered. 

A further complication is introduced by the heat sensitivity 
of the system which, in common with all whitefish proteins, 
cannot be subjected to temperatures higher than approximately 
72 F without breakdown. The temperature limit of salt-fish 
muscle depends to some extent on previous treatments but, in 
general, 76 F for short periods of time is the upper safe limit. 

The problem may therefore be summarized somewhat as 
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follows: To cause evaporation, into ambient air, of water from a 
saturated solution of salt, forming part of a system in which the 
remainder is a heat-sensitive, shrinking, skin-forming protein. 

The theory of such removal will not be discussed but rather 
details will be given of the present state of experimentation, de- 
signed in a semiempirical manner to set up drying-rate curves 
without regard to theory, as a basis for drier design immediately 
required by the industry. 

Little work of any value has been done on the drying of salt 
fish itself. Nor does the literature contain much information of 
interest on the evaporation from such solutions in protein base. 

The complex nature of the material and the scarcity of in- 
formation on like types made it imperative to disregard any pre- 
vious work and lay down a program somewhat as follows: 


1 Determination of the hygroscopy of the product, that is, 
determination of the regain values over all ranges likely to be 
encountered in practice. 

2 To determine drying-rate curves for the material in ex- 
perimental equipment. 

3 To check drying rates thus obtained in commercial equip- 
ment. 

4 Toinvestigate the theory of evaporation from such systems. 


So far results in connection with item 1 are complete; appa- 
ratus for item 2 has been devised and tested and a few results ob- 
tained. Work is proceeding on a commercial drier, designed and 
put in operation after the results of regain and drying rates were 
available. The theory is an interesting consideration which yet 
remains to be undertaken. 


CONTENTS 


A report of this work has been published previously (1).* 
Only sufficient detail will be given here to form a foundation for 
later discussion. 

It is known that moisture regain in this class of material, par- 
ticularly near the point of equilibrium, is very slow (2). There- 
fore, any method of determination, employing large samples, is 
likely to be slow. Unless conditions are controlled more ac- 
curately than is usually convenient, a slow method leaves a 
doubt as to whether the equilibrium recorded is a time equilib- 
rium or one which represents the true equilibrium with vapor at 
a definite pressure (3). As will be shown later, this is particularly 
true in the case of salt fish in which the rate of change or regain is 
very sharp at high relative humidities. 

The obvious method of making such measurements is by use of 
the McBain-Baker adsorption balance so arranged that the air 
may be removed from the measuring chamber. 

In the experiments, the quartz spirals were turned to carry 
about 0.02 to 0.04 g of fish, and suspended in vacuo at constant 
temperature until equilibrium had been reached. Moisture at 
controlled pressure was supplied to these tubes, and an equilib- 
rium read for each pressure of vapor admitted. Both the bath 
temperatures and vapor pressures could be varied to cover the 
range desired. 

Results obtained in this apparatus are given in Fig. 1. The 
material was shown to be isohygrometric within the range and 


accuracy of experimentation, therefore, one curve expresses all 
the results. 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Three things require mention: (a) The fish system becomes 
saturated at 75.3 per cent relative humidity, which is the theo- 
retical value of saturated solutions of sodium chloride within the 
range of temperatures studied; (b) the exceedingly rapid increase 
in water regain at or near this saturation value; and (c) the down- 
ward and regain values do not agree over the whole range. 

The supposition is that the protein system acts as a hygro- 
scopic medium which causes uptake of water until a part of the 
salt is in free solution. The uptake of water will then be con- 
tinued until the solution is diluted to give a vapor pressure in 
equilibrium with that of the surrounding medium. When humidi- 
ties increased beyond 76 per cent, drops of liquid formed on the 
sample. These grew until they dropped to the bottom of the 
measuring tube. 
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Much of the salt-fish drying in open-air flakes is carried out in 
relative humidities between 60 and 70 per cent. It is clear then 
from the curves for regain that, if this range is to be studied with 
the object of obtaining drying-rate data, the control of experi- 
mental drier conditions had to be somewhat better than that 
usually attempted. 


EXPERIMENTAL DRIERS AND APPLICATION OF CONTROLS 


A most important consideration in the conduct of the experi- 
ments was the application of various types of regulating equip- 
ment suitable for the accurate control of conditions in the experi- 
mental driers. The systems to be described were all utilized in 
the experiments. 

The drying equipment consisted of a conventional draw-through 
recirculating tunnel, Fig. 2, the design of which included the usual 
precautions for obtaining normal turbulent-flow distribution in 
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those sections in which samples were suspended. No provision 
was made for dehumidifying air, low-humidity experiments 
having been carried out in winter months. Necessary air ex- 
change to take care of evaporation and to maintain a humidity 
trend always lower than that desired was easily obtained by 
suitable adjustment of dampers. 

Velocities were controlled at constant fan speeds by damper 
adjustments, or by varying fan speeds with adjustable drives. 
Temperatures were maintained with low-heat-capacity electric 
heaters, and humidities with a water-spray and manual damper 
control. 


ConTrROL oF AIR ConDITIONS IN SMALL TUNNELS 


The difficulty usually experienced in obtaining accurate con- 
trol in this type of equipment is caused by the lack of a sink or 
plenum which takes care of a lag or lead of the commercial type 
of control. This type will therefore be unsatisfactory except in 
circumstances in which the heat demand is constant and the 
supply accurately fixed to meet the demand. Otherwise, the 
lag together with the heat capacity of the heating elements will 
cause a hunting action, which becomes more serious if two de. 
pendent controls are used, as in the use of wet and dry controls 
for the regulation of temperatures and relative humidities. The 
modulating type constitutes an improvement in design. Hovw- 
ever, no commercial units of this type which were tried would give 
the required accuracy. 

The best method of overcoming the difficulty is to use a com- 
bination of high-heat-output, low-heat-capacity heaters, which 


are operated by an on-off control of several times the required | 4 


sensitivity. 


The cause of failure in the commercial equipment tried appear: | 


to be the large currents required across the contacts of a thermo- 
regulator. Even at low voltages and with careful contact design, 
cumbersome regulators easily disturbed by vibration were re 
quired, or regulators enclosed in an inert gas which are also 


fragile and subject to disturbance. Should this not be done, a 
change in the condition of the contact will cause excessive varia- 
tions in the position of the control. 


The solution of this difficulty is to use such low currents through | 7 


the contacts that their resistance becomes negligible. This may | 


be accomplished by several methods; as for example, the use of | 


a very sensitive microrelay, which in turn operates a larger con- ' 
tactor carrying the heater or other load. The difficulties in the 
use of this system are caused by the sensitivity of the small rela) 


which is usually also responsive to shock, dust, and other con- 4 
ditions. Several very sensitive and satisfactory relays are now | 


available commercially but, as a rule, the second circuit whieh 
includes the main contactor must be carefully designed to avoid 
arcing at the contacts of the small relay. A better method is to 
use a thermionic tube as the sensitive relay or, if one of sufficient 
size can be purchased, as the only relay. 
The author has tried both methods. 
trouble, but the second has always been trouble-free. Several | 


methods of operating thermionic tubes will be described, and de q 


tails of others may be found in any standard text on vacuuD 
tubes and their uses (4). 


One major effect of systems of this type is to increase the te . 
sponse of common thermoregulators greatly. Thus, the br J 
metallic spiral regulator, usually sensitive to about deg 


water and something over 2 deg in air of low velocity, when 


air. 


System 1, shown in Fig. 3, is suitable where direct current 5 4 


available and there is no objection to using a second relay to | 
accommodate heavy loads. A suitable relay for use in this aysten ‘ 
is the mercury-in-glass type, tripped by a mechanism operated 


The first always caused F 


with thermionic tubes, will give control of the order of 0.01 F it ’ 
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Fig. 4 ALTERNATING-CURRENT-OPERATED THERMIONIC RELAY 


by a small magnet. The magnet may be wound to suit the char- 
acteristics of the tube used in the circuit. 

System 2, shown in Fig. 4, employs the 3 or 4-electrode 
mercury-vapor-filled tube. One conventional method of use is 
indicated in Fig. 4, which employs an FG 97 thyratron. This tube 
is capable of handling small loads of the order of 300 w directly. 


Dry-BuLs ContTrROL 


It is clear that, if humidity is to be regulated by wet-wick 
thermoregulators, the accuracy of control of the dry bulb will 
affect the precision with which humidities may be maintained. 

As previously mentioned, even for the most accurate control, 
the simple bimetallic type of regulator will be satisfactory if used 
in one of the systems already described. With suitable auxiliary 
equipment dry-bulb temperatures have been kept constant to 
about 0.01 F in this laboratory. 

Accuracy of the type specified requires careful design of the 
auxiliary equipment. Relays, if used, must be of the quick-acting 
type and operate heaters of low heat capacity, the most suitable 
of which, for experimental use, is the open-wire electric type. 
These have very low capacity and no detectable lag. Further- 
more, they can be easily adjusted to suit the load for cases where 
extreme accuracy is desired. A convenient method is to divide 
the heaters into two sections: (a) a variable-control bank, and 
(b) a variable-supply bank. The control bank operates from the 
thermoregulator through the tube and auxiliary relay (if needed), 
and the variable-supply bank is easily adjusted by hand, al- 
though it may be made automatic if required. The less the load 
variation, the closer these banks may be set, and the greater the 
accuracy of control. In practice it was found that, when using 


| pen-wire heaters, the supply setting could be varied about 50 


per cent without affecting the accuracy materially. 
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Steam heaters may be used but only at the expense of some 
precision, since it is nearly, if not quite, impossible to reduce the 
heat capacity of such heaters to a negligible value for small ex- 
perimental installations when working below steam temperatures. 
The thermionic type of control, operating some system of modula- 
tion for admission of steam, has been found to help somewhat, but 
great accuracy is difficult of attainment in spite of refinement of 
the thermoregulator circuit. 


ContTROL OF RELATIVE HuMIDITY 


Relative humidities may be controlled by two systems differing 
in fundamental arrangement: (a) a type in which the humidity- 
regulator setting is influenced by dry-bulb temperatures, and (b) 
a type in which it is not. The first generally employs the combi- 
nation of wet- and dry-bulb regulators; the second uses a suitable 
isohygrometric material which is sensitive to changes in relative 
humidity. Either method has been found to be satisfactory, 
providing the precautions are such that the sensitivity of the 
regulator is several times the required amount, and the rate of 
vapor addition is adjusted approximately to the load. 

The actual controls used in this laboratory have always re- 
quired an addition of vapor to air, for all experiments have been 
carried out when natural psychrometric conditions permitted 
this system of control. Similar methods may, however, be ap- 
plied when dehumidification equipment is available. 


REGULATOR 


Method 1. Almost any type of low-heat-capacity regulator may 
be used. In practice it has been found that the simple bimetallic- 
spiral type with the wet wick placed on the spiral gives satisfac- 
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tory results, providing it is used to operate the control circuit 
of a vacuum-tube relay, which in turn operates to admit vapor 
or steam as required. 

The familiar precautions of maintaining the wet-wick regulator 
in air moving at a velocity of 400 fpm or greater must be taken. 
In cases of experiments in which very low velocities are used, the 
regulator may be placed at the downstream side of a shaped 
nozzle, or fixed in a by-pass, the velocity in which is increased 
by an auxiliary fan. 

Method 2. This method, employing the isohygrometric ma- 
terial, is equally as sensitive as the first, providing arrangements 
are satisfactory. The material may be either defatted human hair 
or white Russian horsehair, arranged as shown in Fig. 5. A fine 
wire, cemented to the long lever arm, ends in a contact which 
may be made as light as required, since contact resistances are 
negligible It is essential that the lever fulcrum be as frictionless 
as possible and that the lever be counterbalanced as shown to 
take nearly all the strain from the hair. The balance wheel of a 
cheap clock, mounted in the original frame, has been found to 
be satisfactory. 

This system has the advantage in that it will maintain relative 
humidities constant, irrespective of changes in dry-bulb tem- 
perature. The hair must be reconditioned after each adjustment, 
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and is, therefore, not suitable when the experiment calls for 
changes in relative humidities. Further, it loses sensitivity, and 
usually wanders, when the relative humidity goes above 70 or 
below 20 per cent. 

The use of this system is particularly suitable for a prede- 
termined dry-bulb cycle. 

Introducing Vapor. Solenoid valves, operating to regulate the 
admission of steam or water vapor, are convenient for operation 
from the controls. Steam is most suitable where the quantity 
required is small and adds no appreciable heat load to the equip- 
ment. 

Weight Recorders. It was necessary to continue drying opera- 
tions for 12 hr or more on light samples, and small interruptions 
causing slight changes in air conditions affected the rates of loss 
of water. Therefore, it was desirable to incorporate some auto- 
matic method of recording weight changes. 


OPERATING 
MAGNET 


RELAY 
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Continuous weight recorders have been made in many types 
from the simple spring-and-stylo, to the various types of weight- 
dropping balances capable of great accuracy. The simple spring is 
generally not suitable for investigations on small samples, and 
the weight-dropping types are too expensive for the average 
laboratory. 

A recording balance, Fig. 6, depending upon the action of a 
reversing gear, was devised (5) in 1935. It is the most versatile 
and suitable apparatus for recording loss in weight of a sample 
being dried. 

This type of balance mechanism has the advantage in that it 
can be made from simple parts such as are supplied by any manu- 
facturer of small gears. The reversing gears in use in this labora- 
tory were made from standard Mecanno parts. These gears may 
be adapted for use with the finest chemical balances, or the com- 
mon steelyard capable of measuring several tons. Since they 
maintain any weighing mechanism in dynamic balance, they 
increase its sensitivity markedly. A common steelyard loaded 
with several hundred pounds of rusty iron radiators will record 
differences in weight, caused by changing relative humidities, 
with consequent increase or decrease in the amount of absorp- 
tion on the rusty iron (5). 

The equipment consists of two parts: (a) the balance proper, 
and (6) the reversing gear with which is incorporated the re- 
cording drum. The reversing gear carries a chain, one end of 
which is attached to the balance, the other to a sprocket on the 
gear, which is connected to a worm carrying a pencil over the 
recording drum. The balance works as an automatic chainomatic 
balance and, if a simple ladder chain be used, the weight of the 
chain per unit length may be varied to suit the load expected. 
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The reversing gear is normally motor-turned to keep the 
sprocket moving forward. When the movement of the gear is 
interrupted by a pawl, acting on signal from the balance arm, 
the forward motion of the gear is stopped, the train of gear 
in the case coming into play and causing the chain sprocket to 
reverse. 

At any position of equilibrium of the balance arm, the gear 
reverses about 30 times per min, keeping the balance in equilib- 
rium about a point which is determined by the loss in weight of 
the sample. If the equilibrium is disturbed either by loss or gain 
in weight of the sample, the balance arm signals the change to 
the tripping pawl, which causes the gear to rotate in one direc. 
tion until a new point of equilibrium is reached. This change is 
recorded on the drum actuated by clockwork and a continuous 
weight-change record is obtained. 


The schematic diagram, Fig. 6, shows the essential actions of | ~ 


the recorder. 
Figs. 7 and 8 show recordings of humidity control and weight 
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losses in experiments carried out at the laboratory with which tht | 


author is associated. 
Fig. 7 was recorded by a Cambridge two-pen mercury-in-ste! 


recording thermometer. The bulbs, being solid, were not P® | 


ticularly suitable for following rapid changes in air temperature 
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A mercury-in-glass Beckmann thermometer reading to 0.004 F, 
placed in the same plane as the recorders, showed variations of 
the order of 0.01 F. The control in this case was by wet and dry 
bimetallic spiral regulators acting through thyratron relays to 
activate (a) a self-atomizing spray for humidity control, and (6) 
a contactor which in turn operated electric strip heaters for dry- 
bulb control. 

Fig. 8 is a copy of a typical weight curve taken directly from 
the graph drawn by the pencil of the automatic recorder. The 
recorder in this case was made of standard Mecanno parts. The 
drum was operated by a hand-wound clock. The balance was a 


common laboratory trip scale which had been in constant use| 


about the laboratory for 4 years and was not in good condition. 
The weight of the sample and rack averaged 500 g; that of the 
sample itself about 35 g. 


EXPERIMENTAL RESULTS 


Experimental drying curves were obtained in the usual manner 
by suspending the collodion-coated sample, fitted in a streamlined 


sample holder, from the end of the recording balance. The 
evaporation occurred from the top of the sample. All samples 
had a face area of 44 sq cm and were 7.1 mm thick. 
TABLE 1 SUMMARY OF EXPERIMENTAL RESULTS 
Relative 
humidity, Rate (avg), 
Run Velocity, fpm per cent em?/15 hr X 1073 
A 30 65 2.84 
B 99 60 5.28 
Cc 200 60 6.85 
D 30 50 6.63 
E 200 50 6.25 
FP 600 50 7.25 


The results given in Table 1 are insufficient in number to per- 
mit conclusions of humidity, velocity, and temperature effects. 

The curves shown in Fig. 9 give an idea of the nature of the 
drying process. The curves for all runs except A are similar in 
form to that of E. 

One qualitative result of interest was noted as follows: When 
the average rate was less than approximately 3 to 4 X 107 the 
evaporation caused a heavy deposition of salt crystals on the 
surface of the sample. Above this range, the sample dried with 
& smooth nearly salt-free skin. It appears that this is a visual 
demonstration substantiating the theory of underskin evapora- 
tion in processes in which diffusion controls, and the drying 
potential is high. Measurable limits of undersurface evaporation 
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in many classes of materials should be susceptible of treatment 
by the use of salt solutions. 

A curve of general interest taken from the recording balance 
is shown in Fig. 10. This was a miscellaneous run completed with 
the intention of investigating the correctness of the theory of 
regain as applied to drying. The theory is substantiated by this 
result. 

In general the results obtained on experimental samples are 
not sufficient in number to enable analyses to be made. A new 
improved equipment is now in operation in which these results 
will be checked, and new ones obtained. 

The results given herein were used to assist in the design of a 
commercial drier, now in operation for about 6 months. 
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Heat Transfer to Falling-Water Films 


By W. H. McADAMS,' T. B. DREW,? anv G. S. BAYS, JR.* 


Data are presented in this paper for heating water as it 
flows by gravity in turbulent motion down the inner walls 
of vertical copper pipes, ranging in height from 0.41 to 
6.1 ft. Heat balances check within 5 per cent and the 
temperature of the inlet water ranges from 38 to 146 F. 
The data are adequately correlated by the equation: 
h = 1201”, where I’ ranges from 600 to 15,000 Ib of water 
per hr per ft of width of stream. Steam-side and over-all 
coefficients are given. The rather inadequate data for 
streamline flow by gravity over nearly horizontal pipes 
(trombones) are reviewed. 


NOMENCLATURE 


HE nomenclature which is used throughout this paper is 
given in the following list: 


A = Area of heat-transfer surface, sq ft; A, for inside, A, for 
outside, Aavg for wall 

C = Specific heat of liquid, Btu per lb per deg F 

D- = Diameter, ft; D,; for inside, D, for outside 

gc = Local acceleration due to gravity, approximately 4.18 
X 10* ft per hr per hr 

h = Individual coefficient between tube surface and water 
layer, Btu per hr per sq ft per deg F; h,, for inside with 
turbulent flow, based on logarithmic-mean tempera- 
ture difference; ha.m. for outside, with streamline flow, 
based on arithmetic-mean temperature difference 

hsr = Individual coefficient between steam and outer wall, 
Btu per hr per sq ft per deg F, based on saturation 
temperature of steam and length mean temperature of 
wall on steam side 

k = Thermal conductivity, Btu per hr per sq ft per unit tem- 
perature gradient, deg F per ft 

L = Distance, ft; Z for thickness of tube wall; L, for height 
of heating surface; for vertical tubes, L,, is the height; 
for horizontal tubes, Ly = xD,/2 

q = Rate of heat transfer, Btu per hr 

Re = Reynolds’ number = 41/y; Re,, is based on u,,, Re, on uy 

t = Temperature, deg F; ¢, for entering liquid; t for exit; 
t, for mean temperature of the surface of the pipe; tsr 
for steam 

U'; = Over-all coefficient of heat transfer, Btu per hr per sq 
ft of inside surface per deg F logarithmic-mean over- 
all difference from steam to water 

w = Water rate, lb per hr leaving the tube 

x = Length of horizontal tube, ft 

= Water rate from tube per unit width of stream, lb per hr 
per ft; for vertical, f = w/xD,; for horizontal, T 
= w/2zr 
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Contributed by the Heat Transfer Professional Group and pre- 
sented at the Annual Meeting, Philadelphia, Pa., December 4-8, 1939, 
of THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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At) 


Temperature difference, deg F; ( At),, over-all from steam 
to water; ( At)s7, on the steam side; ( At),, through the 
pipe wall; ( At);, on the inside 

Absolute viscosity, lb per ft per hr; uw, = (u: + us)/2; 
uy at film temperature; wu, is taken at (t; + 4)/2; uy 
is taken at ¢, 

3.1416 

Density, lb per cu ft 


4 


INTRODUCTION 


The vertical shell-and-tube condenser, used widely in the re- 
frigeration industry, is cooled by layers of water flowing by 
gravity down the inner walls of the tubes. Published information 
from several sources (1, 2, 3) report over-all coefficients of heat 
transfer from condensing ammonia to water in such apparatus. 
No corresponding individual heat-transfer coefficients were avail- 
able, and the work described in this paper was undertaken to fill 
this need. 


APPARATUS AND PROCEDURE 


Three single-tube vertical falling-film heaters were constructed, 
each being heated by steam condensing on the outer wall of the 
tube. The three heaters have been described in an article (4), 
giving results for streamline flow of hydrocarbon oils. Table 1 
summarizes the essential dimensions. 


TABLE 1 NOTES ON VERTICAL APPARATUS 
Heater no. 1 2 3 


Heated length, Ly, ft.......... 2.00 0.407 6.08 

Inside diam of test section, in... 2.50 1.50 2.50 

Outside diam of test section, in.. 2.88 2.25 2.88 

Copper Copper Copper 

Metal on steam side............ Chrome Chrome opper 

plate plate 
Promoter on steam side......... Oleic acid Oleic acid Bensyl 
mercaptan 

Bakelite calming section, ft...... 0.50 0.75 0.75 

Number of pipe-wall couples. .... 10¢ Noned 10¢ 

Jacket material................ Steel Pyrex Copper-plated 
glass steel 

Inside diam of jacket, in......... 5.05 8 6.07 


@ In heater No. 1 the five pairs of pipe-wall thermocouples were 1, 5.25, 
12.25, 19.25, and 23.5 in. from the top of the heated section. 

6 In order to determine the average steam-side coefficient, a plot was made 
of 1/Ui vs. 1/1*-*, which gave AsT of 10,000. 

¢ In heater No. 3 the five pairs of pipe-wall couples were 27/16, 18 7/s, 
347/16, 50’/1c, and 66 7/1s in. from the top of the heated pipe. 


The saturation temperature of the steam was used in calculat- 
ing the logarithmic-mean over-all temperature difference from 
steam to water (At),. The mean temperature of the outer sur- 
face of the tube was obtained by graphically averaging the ten 
temperatures over the length of the tube. The saturation tem- 
perature of the steam, less the mean temperature of the tube, 
gave the mean temperature difference ( At)gz from steam to the 
outer wall. The mean temperature drop ( At), through the cop- 
per wall was calculated from q, k, L, and Aavg. The mean tem- 
perature difference ( At); between the inner wall and the cooling 
water was taken equal to (At), — (At)gp —(At),. The heat 
balances checked within 5 per cent and the rate of heat transfer 
q was based on the water rate and the measured temperature 


‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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rise.* The following coefficients were calculated and are shown 
in the tables of data and results 


q Btu 
(A,)(At),  (hr)(sq ft inside)(deg F) 


U; 


q Btu 
ST  (A,)(At)sr (hr)(sq ft outside)(deg F) 


q Btu 
(A,)(At); (hr)(sq ft inside)(deg F) 


h 


Tables 2, 3, and 4 show the data and results for one third of the 
runs, omitting duplicate runs which checked runs included in the 
tables. 


WATER-SIDE COEFFICIENTS IN VERTICAL TUBES 


It is clear from a study of the data that the water-side coefficient 
increases with increase in I’, the water rate per unit width. Ex- 


+’ Condensate was not measured for heater No. 2. 


TABLE 2° DATA AND RESULTS FOR NO. 1 HEATER 
(LH = 2 ft; tsr = 227 F) 

Run ty (At)sr 
no. degF degF degF sAsr h 40 /um VT 
IV- 46 2870 42.0 156.0 9.4 15000 1380 1670 5030 117 

7 3060 42.0 155.0 9.2 16000 1420 1740 5260 120 

10 3120 42.0 153.0 9.1 17000 1430 1720 5430 11 
13 2600 43.0 162.0 9.2 15000 1350 1630 4650 118 
16 2310 44.5 169.0 7.3 17000 1320 1560 4260 118 
V- 1 2290 43.0 167.0 9.3 13000 1280 1550 4170 117 
1830 44.5 180.0 7.8 14000 1240 1480 3450 121 
VI- 2 2250 43.5 172.0 8.7 15000 1380 1660 4160 127 
2050 44.5 177.5 8.0 15000 1340 1610 3820 127 
VII- 3 2120 46.0 178.0 8.2 14000 1290 1560 3790 122 
1930 46.0 180.0 8.2 14000 1290 1530 3700 123 
VIII- 1 1760 46.5 181.5 7.3 14000 1220 1440 3400 120 
1670 47.0 184.5 7.2 14000 1200 1430 3300 121 
7 1530 46.5 186.0 7.3 13000 1130 1340 3020 116 
IX- 1 1700 46.0 182.0 10.0 10000 1180 1440 3280 121 
1610 49.0 184.0 8.5 11000 180 1430 3200 122 
1200 52.0 201.0 4.8 16000 1130 1320 2520 125 
10 1470 51.0 192.0 6.5 14000 1190 1410 3060 125 
13 3030 45.0 156.0 11.@ 13000 1420 1760 5520 121 
X- 2 3360 42.0 149.0 10.4 15000 1450 1790 5800 120 
XI- 1 3600 42.0 144.0 13.1 12000 1450 1810 6120 118 
4080 41.0 137.0 14.4 12000 1490 1870 6630 118 

XIV- 1 3820 60.0 150.0 15.0 10000 1480 1910 5190 122 

XV- 1 2120 62.0 173.0 12.9 8000 1180 1490 4820 116 
3 50 61.0 160.0 11.6 10000 1250 1540 6190 110 
XVIII- 1¢ 3820 43.0 141.0 16.5 10000 1450 1860 6460 119 
4 70 42.0 137.0 14.4 12000 1460 1840 6850 116 
7 4750 41.0 125.0 20.5 9000 1420 1880 7660 121 
11 5620 40.5 117.0 22.3 8000 1480 1980 8830 111 
13 2950 42.5 155.0 13.4 11000 1390 1940 5170 135 
XXI- 1 48.0 154.0 12.7 12000 1480 1860 6300 125 
2 3320 60.0 154.0 13.6 10000 1370 1740 7160 117 
5 3320 68.0 159.0 14.0 9000 1410 1820 7890 122 
6 3360 79.0 166.0 11.3 11000 1480 1890 8880 126 
7 3360 90.0 172.0 12.4 10000 1520 2000 9790 134 
8 4490 60.0 142.0 14.9 11000 1520 1950 9450 118 
9 2060 70.5 178.0 10.1 10000 1200 1490 5170 116 
10 2060 77.5 180.0 10.4 9000 1190 1490 5500 116 
11 2060 97.0 190.0 10.8 8000 1300 1690 6660 131 
12 2060 88.5 184.5 10.1 9000 1220 1540 6170 120 
13 2900 72.0 166.0 14.0 8000 1350 1750 7190 122 
14 2550 82.5 175.0 11.5 9000 1300 1660 7080 122 
XXII- 1 3350 58.0 153.0 16.6 9000 1470 1930 7500 127 
3 0 81.0 160.0 16. s000 1 2170 10800 136 
XXIV- 14 3130 42.5 105.0 648 
4 3450 42.0 100.0 
x 7 4260 41.0 92.0 682 
10 4 40.5 87.0 692 
12 2720 43.0 113.0 648 
13 2120 44.0 124.5 616 
15 1380 48.0 143.0 522 
17 23 45.0 119.0 620 


* References (10, 12). 

6 Just before run IV-1, the inside of the tube was rubbed with a brush. 
Just prior to run III-1, seven test periods (10 days) before run IV-4 was 
mode, > outside of the tube was swabbed with a cloth and treated with 

eic acid. 

¢ Just prior to run XVIII-1, the inside of the tube was rubbed with a cloth 
coated with fine emery powder, and several cubic centimeters of oleic acid 
were injected into the steam chest. 

¢@ Water flows upward, pipe running full. 
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cept for the runs* in which Re, was less than 2100, the data for all 
three vertical heaters are plotted on logarithmic paper in Fig. 1 
with A as ordinates versus [' as abscissas. The average line AB 
corresponds to the equation 


All the data of Fig. 1 lie between the two dotted lines laid off for 
deviations in h of +18 per cent. For the longest tube, the runs 
with preheated water of series VII, shown by the triangles of 
Fig. 1, agree reasonably well with those where the water entered 
without preheat, series I-VI, shown by the circles. It was diffi- 
cult to employ values of I greater than 22,000 due to a tendency 
of part of the water to arc across the weir and flow down the 
center of the tube, instead of flowing in a layer down the wall. 
It is possible that the insertion of a plug in the core of the water 
feed pipe would have prevented this. From the plot of h versus 
I for turbulent flow, it is concluded that heated length had no sub- 
stantial effect upon h in the range from 0.41 to 6.1 ft. 

Table 3 shows runs in which the temperature of the inlet water 
was varied substantially while T was held constant at various 
values. Examination shows that h increased somewhat with in- 
crease in the inlet temperature of the water. Table 3 shows Re 
based on y, and Re,, based on us, = (ui + u2)/2. The ratioh/r/* 
was plotted against both y, and u,,. In neither case was the 
per cent variation large for h/T'’”*, wy, and y,,; the plot involving 
Hm gave a somewhat better line than that with u,, and indicated 


® Table 3, series L and part of series N. 


TABLE 3% DATA AND RESULTS FOR NO. 2 HEATER 
(Lu = 0.407 ft) 


Run t ts tsT 
no. T degC degC degC Ui h Rem Rey 
F- 1¢ 30.5 38.2 99.7 1360 1800 10500 15900 108 
3 4660 26.5 34.7 99.7 1360 1800 9660 15800 108 
5 4660 22.6 30.9 99.7 1300 1700 8890 15300 102 
G-1 3900 31.4 46.4 99.6 1350 1770 9050 900 112 
3 3900 26.4 35.8 99.6 1320 1720 8170 13400 110 
5 3900 22.3 32.0 99.6 1210 1560 7550 900 99 
H- 1 3030 33.4 44.3 99.5 1350 1770 7400 11100 123 
4 3030 27.3 38.8 99.5 1310 1710 6580 10600 118 
6 3030 22.8 34.9 99.5 1250 1640 5900 10300 113 
I- 1 2140 39.6 51.9 99.6 1200 1520 5940 8380 118 
4 2140 32.6 46.2 99.6 1160 1480. 5580 8390 115 
8 2140 27.3 41:6 99.6 1120 1420 4310 7500 110 
J- 1 1170 42.0 60.2 99.7 1090 1360 3500 4870 132 
4 1170 34.6 54.6 99.7 1030 1280 3110 4570 124 
8 1170 24.5 46.3 99.7 971 1190 2590 4280 116 
K- 1¢ 5130 45.0 51.7 99.8 1630 2300 14900 20100 134 
4 5130 39.3 46.4 99.8 1580 2250 13500 19200 131 
7 5170 34.4 41.9 99.8 1540 2120 12500 18500 123 
10 5170 27.9 35.8 99.8 1460 2000 11000 17700 116 
13 5170 20.5 28.5 99.8 1350 1790 9350 16700 103 
L- 1 420 21.0 55.3 99.9 574 640. 935 1620¢ 85 
2 420 22.5 60.6 99.9 676 770 985 16404 103 
3 420 23.9 62.9 99.9 710 810 1013 16804 108 
4 420 25.2 64.0 99.9 722 1040 =1700¢4 111 
5 420 27.0 65.9 99.9 752 870 1070 17104 116 
6 420 .0 68.2 99.9 790 920 1130 1750¢ 123 
7 420 31.0 69.6 99.9 798 930 1170 17704 124 
8 420 33.2 70.2 99.9 3 940. 1200. 1770d 125 
9 402 36.0 71.3 90.9 865 1 17704 118 
10 391 37.7 72.2 99.9 746 860 1190 17004 117 
391 39.1 72.7 99.9 738 1220 =17004 116 
12 391 46.3 73.1 99.9 643 730 1330 17804 100 
N- 1 490 41.7 70.8 100.0 798 930 1560 2130 118 
490 38.2 69.5 100.0 817 955 1490 2110 121 
7 490 33.5 68.0 100.0 840 990 1400 20704 125 
10 469 29.8 66.8 100.0 820 960 1260 19404 124 
14 469 22.3 62.0 100.0 780 905 1110 18504 117 
P- 1¢ 650 49.7 71.3 100.0 872 1040 2250 2950 120 
746 .0 66.3 100.0 917 1100 2380 3210 121 
rf 735 38.3 63.4 100.0 918 1100 2140 3100 122 
10 735 33.3 60.2 100.0 910 1090 3000 121 
14 735 24.4 54.0 100.0 875 1040 1710 2800 116 
Q1 2650 44.3 54.1 99.9 1280 1670 7840 10700 120 
4 2700 38.0 48.1 99.9 1190 1520 7140 10400 1 
2680 33.0 44.1 99.9 1200 1530 6530 10000 110 
10 2690 27.6 39.3 99.9 1170 1480 5920 9670 106 
14 2690 20.9 32.9 99.9 1090 1360 5140 9120 98 


®@ References (11, 12). 

b The inside surface of the tube was swabbed with a wet cloth before each 
series of runs. 

* Just prior to series E, K, and P, the outside surface of the tube was 
polished with rouge and treated with oleic acid. 

@ Runs in which Re was below 2100. 
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TABLE 4*¢ DATA AND RESULTS FOR HEATER NO. 3 


(La = 6.08 ft; Dé = 0.208 ft; Do = 0.240 ft; As = 3.98 sq ft) 
(Vertical copper tube, filtered commercial steam, promoted with benzyl mercaptan) 


40 /ua 4T/um 
T= th ts tsT AtsT A.A.T. A.A.V 
Run no. w/xD deg F deg F deg F deg F hst Ui h (e) ( n/Ts’s 
I- 16 5300 39.5 181.0 217.5 11.2 10000 1380 1770 14200 9240 101 
II- 2 9500 39.7 166.8 217.6 14.6 12000 1940 2680 23700 16200 1 
10700 39.0 162.5 217.6 19.3 10000 2040 3020 26100 18000 141 
11400 38.7 153.7 214.7 17.7 11000 1980 2810 26600 18900 125 
12 8840 38.7 171.7 216.5 12.3 14000 2000 2720 22600 15000 131 
16 8370 38.7 171.0 216.9 19.4 1850 2750 21400 14200 136 
III- 1 10300 38.8 154.5 216.0 25.0 7000 1770 2720 23900 17000 125 
9610 39.0 162.5 216.6 13.6 13000 1880 2530 23400 16100 119 
7450 39.8 175.0 214.6 9.6 15000 1820 2350 19600 13000 120 
10¢ 6490 39.7 187.0 221.1 9.0 15000 1780 2280 1 123 
13 9650 38.6 161.8 218.7 13.2 13000 1830 2420 23400 16200 114 
16 14000 37.5 145.5 219.6 16.3 13000 2070 2840 30800 22500 118 
19 15800 38.3 137.0 222.0 19.5 12000 2010 2810 33300 25300 112 
22 18800 38.0 130.0 223.5 16.7 15000 2130 2900 37900 29500 108 
25 15400 38.5 139.0 222.0 18.5 12000 2000 2770 32800 24800 112 
IvV- 1 4900 39.5 192.0 223.2 11.2 10000 1430 1840 13900 8600 108 
7170 39.7 180.6 224.4 14.7 10000 1690 2290 19300 12500 119 
V- 1 7460 38.8 180.0 225.5 15.3 10000 1680 2330 19600 12500 1 
7840 38.8 178.3 225.2 Prd 1780 2520 20600 13500 127 
64 9050 38.5 173.3 225.2 10.7 16000 1910 2480 23200 15400 119 
9 10100 38.5 167.0 225.2 13.7 14000 1930 2570 25200 17000 119 
12 12100 38.5 159.8 225.2 13.2 16000 2090 2800 20100 1 
15 13600 38.5 152.1 225.2 13.8 16000 2090 2800 31200 22200 118 
18 16400 38.5 141.7 225.2 16.2 15000 2200 3020 25300 26400 119 
VI- 3 16400 38.6 133.7 222.4 18.6 12000 1960 2680 33900 2 105 
17500 38.5 131.0 222.9 19.7 12000 2020 2820 35500 7 1 
20000 38.5 123.8 222.9 19.4 13000 2030 2800 31100 103 
12 20900 38.5 120.0 222.4 18.4 13000 2000 2720 39500 30200 
VII- 6 9610 145.7 195.5 220.7 6.7 10000 1730 2390 43000 41700 112 
12900 111.0 178.8 220.7 10.7 12000 2030 760 47100 44100 118 
10 16500 88.6 158.5 220.7 13.7 12000 2040 2820 50500 46100 lll 
12 7150 125.7 195.0 220.7 6.4 11000 1540 1980 29 27900 103 
14 7110 101.0 190.5 220.7 8.0 11000 1610 2020 26200 23400 105 
VII- i 12500 87.3 173.0 220.7 9.7 16000 2120 2870 40700 35700 124 
16500 79.4 157.1 220.7 13.4 14000 2170 3020 48000 42500 119 
3 17800 81.9 155.3 220.7 13.2 14000 2180 3040 51800 46700 116 
4 21600 71.6 141.9 220.7 15.2 14000 2260 3080 56100 50100 110 
5 21700 73.0 143.3 220.7 16.1 14000 2300 3100 57000 51100 lll 
7 12800 111.0 178.7 220.7 9.7 13000 2010 2760 47000 4 118 
9 16300 89.3 158.7 220.7 13.2 12000 2010 2780 50100 45900 110 
11 7170 125.2 195.0 220.7 6.9 10000 1550 2010 29700 2 1 
13 7000 101.7 189.7 220.7 8.0 11000 1540 2000 25800 23100 104 
® References (9, 12). 
6 Two or three cubic centimeters of benzyl mareenien were added just prior to run I. 
© The steam filter was cleaned just prior to run III-10. 
@ Just prior to run V-6, the second addition of mercaptan was made. 
¢ The viscosity we corresponds to the arithmetic average of the terminal-water temperatures. 
/ The viscosity um is the arithmetic mean of mw: and ys at the inlet- and outlet-water temperatures. 
4000 that h/r’/* varied inversely as u, /*. Consequently the data of 
Lyft ae tonsa, La Fig. 1 for all three heaters were plotted on logarithmic paper in 
pape pe ack >T Fig. 2 as h versus Re,,, and a line CD having a slope of one third 
4 = 610 (SERI-¥D) was drawn, giving the relation 
2000] « =6.10 (ser Mm) 4 
kK Rt The bulk of the data lie between the two dotted lines which are 
1000 laid off for deviations of +20 per cent inh. Although the use of 
4 6 8 193 2 4 6 8 094 2 Re,, instead of T somewhat improved the correlation of the data 
f = LB. WATER/(HR)(FT) for the shortest tube, the high-temperature runs for the longest 


tube, shown by triangles, show a deviation of nearly 30 per cent, 


Fig. 1 whereas the same data in Fig. 1 did not deviate from the average 
line by more than 12 per cent. The correlation of Fig. 1 is pre- 
itt ferred to that in Fig. 2. 
D 
Ly Ft 
he [ogee on Heater No. 2 was also operated with an upflow of water so 
610 (ser that the water filled the pipe. The corresponding over-all 
~ sity coefficients are shown in Fig. 3, compared with the data for down- 
at flow in layer form. In the range of ! common to both types of 
103 2 4 6 8 of 2 4 TABLE 5 RANGE AND 
Heated length, it... 0.407 2.0 8.08 
Fig. 2 Inlet water, deg F.. .. 59-123 41-97 38-146 
d Outlet water, deg F......... .. 83-164 117-201 120-196 
Steam temp, deg | ee re . 211-212 227 215-225 
Fies. 1 anp Warer-Sipe Corrricients ror Tares Verticat Ib water per br per ft width. 391-5170 1200-5620 4900-20900 


Rem 40 935-14900 2520-10800 8600-51000 

HEATERS h, on water side Seeces 640-2300 1320-2170 1770-3100 

(Rey above 2100, plotted as h versus Fr Fig. 1, and as h versus Rem Fig. 2; the _Ui, over-all coefficient............. 574-1630 1130-1600 1380-2300 
correlation in Fig. 1 is preferred.) hsr, on steam side................ (10000) 8000-17000 8000-16000 


| 

< 

| 

j € 

| 

: 
Tee 


630 TRANSACTIONS OF THE A.S.M.E. OCTOBER, 1940 
h+h 
40007 ap | ( D ( aw, 
[0125] o4 2 
10208) FULL) a 
e corresponding limit, for t, = t is 
800 x \D, 
it Equation [5] is plotted as the line AB on Fig. 4. If there were 
— J no evaporation, all points would have to lie to the right of AB ap- 


w/w D, =LB WATER /(HR)(FT) 


Fie. 3 Over-ALu CogFFICIENTS From STEAM TO WATER FOR THREE 
VertTicaL HEATERS, COMPARED WITH Data FoR Two 
VERTICAL TuBES, RUNNING FULL 


The vertical falling-film heater AB gives over-all coefficients 2.2 times those 

F for the same pipe running full; ay iy condensation on chrome plate, 
promoted with oleic acid, was used in both cases. For the 10-ft length of 
standard 5/s-in. copper pipe running full [Ref. 6], the use of dropwise con- 
densation on chrome plate, promoted with oleic acid GH gave over-all coeffi- 
cients over twice those obtained JK without added promoter.* For curves 
GH and JK, a value of I of 10,000 corresponds to a velocity of 4.06 ft per sec.) 


flow (T ranging from 1700 to 5000) the falling-film arrangement 
gave over-all coefficients 2.2 times those for upflow. This in- 
crease is due to the fact that the water velocity, for a given water 
rate, is higher for flow in film form. 


STEAM-SIDE COEFFICIENTS 


Abstracts of the steam-side coefficients for heaters Nos. 1 and 3 
have appeared earlier (5, 6). Tables 2 and 4 show the results. 
The range of the values of hgz for all three heaters is summarized 
in Table 5. 


HorizontTaL Pirp—Es—WATER-SIDE COEFFICIENTS 


Data (7, 8) for the gravity flow of water over nearly horizontal 
pipes lie in the region of streamline flow. For these runs it was 
assumed that half the water flows down each side of the pipe, and 
hence I was taken as equal to w/2z, where w/2 is the water rate 
for each stream, and z is the length of the pipe. As for vertical 
pipes, Re,, was taken as 4T/yu. Since the references (7, 8) did not 
give the water temperatures, it was necessary to base the coeffi- 
cients for the horizontal pipes on the arithmetic-mean tempera- 
ture difference, the type of mean customarily arbitrarily used for 
runs in streamline flow. Except at the low values of I, the re- 
sulting coefficients ha.m., are not far different from those which 
would have been obtained using the logarithmic-mean tempera- 
ture difference. 

For a given I’, the data for streamline flow over horizontal 
pipes indicate that ha.m. is an inverse function of the height of the 
heating surface, #D,/2. In the range of the data, for a given I, 
ha.m. varied approximately as D,-"/*; for a given D,, hs.m. varied 
approximately as I’/*, for values of I ranging from 150 to 400. 
As shown by Fig. 4, for values of !'/D, of 600 and more, the data 
for horizontal pipes may be approximated within +25 per cent 
by the equation 


w 
ha.m. = 65 = 69 ‘ . [3] 


If the diameter were very large or I’ were very small, the water 
would be heated to substantially the temperature of the wall, 
and the final temperature difference, t, — t, would approach zero. 
For the case of negligible evaporation, by definition 


* However, as explained in reference 6, ‘“‘mixed condensation”’ 
was obtained in run JK due to a small rconcentration of promoter 
normally present in the boiler steam used. Data for film-type con- 
densation are given as curve D-I of Fig. 1 of reference 6. 


proaching it asymptotically as '/D, is decreased. At low water 
rates, the points on Fig. 4 are seen to lie to the left of AB, 
possibly indicating substantial evaporation.’ 

Data (7) for the three horizontal pipes fall within +25 per 
cent of the following semitheoretical equation based on stream- 
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Fie. 4 Warter-Sipe For HorizontTat (TROMBONE) 
HEATERS, PLOTTED A8 ha. m. VERSUS (I'/D.) 


(The dotted line AB represents the limiting case where the exit water is 

heated to wall temperature without evaporation, Equation [5]. In the range 

of ['/Do from 600 to 3000, the coefficients for the various sizes of pipe are 
roughly correlated by the equation ha.m. = 65 (I'/Do)!/*.) 


line flow of oils down the inner walls of the three vertical heaters 


(4) 
ham. ( 0.67 ar)" (6) 


This relation requires that hs.m. vary inversely as the one-third 
power of Ly, as shown in Fig. 4. The effect of viscosity on ha.m., 
predicted by Equation [6], is directly as y,°-°*8/u,***. Since in 
the water runs yu, varied but little, no substantial effect of vis- 
cosity would be expected, and none was found (7, 8) for the water 
flowing over horizontal pipes. However, Equation [6] predicts 
that ha.m, varies directly as I’/*, as was found to be the case for 
the oils, but the data for water on horizontal pipes show that 
ha.m, Varies approximately as I’'/*, for above 100. This increased 
percentage effect of I in the streamline region may be due to the 
presence of ripples in the water layer. The “horizontal” pipes 
(7, 8) were slightly inclined to facilitate flow of condensate, and 
the inclination would give an axial component to the water veloc- 
ity. One (8) of those observers noted ripples in the water layer 


7 The values of ham. were apparently based on the condensate 
rates. Although the rate of flow of effluent water was measured, it 
is not clear whether I was based on the rate of discharge of water 
or upon the mean of the rates of water feed and discharge. The 
rise in water temperature was not published, nor was the per cent 
evaporated given. 
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and found that the thickness of the water film at the side of the 
tube varied widely with position along the length. 


SUMMARY 


Although predictions can be made most glosely by using the 
plots of h versus T’, and of ha.m, versus ['/D,, the following equa- 
tions are recommended for approximate purposes: 

For turbulent flow of water in layer form down vertical tubes, 
lr ranging from 600-15,000 lb per hr per ft of stream width 


h = 1201" 


with a deviation in h of +18 per cent. 
For the streamline flow of water over nearly horizontal tubes, 
C/D, ranging from 600 to 3000 


Tr 
= 65 


with a deviation in hsm. of +25 per cent. 
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Discussion 


N.C. Esaueu.’ The writer would like the authors to answer 
the following questions: 

1 What provision was made in the experimental apparatus 
for determining the quality or the superheat of the entering 
steam or, in other words, how was the enthalpy of the enter- 
ing steam measured? The accuracy of the results has not been 
questioned since the heat balances were reported to check within 
5 per cent. This is merely a request for additional information 
on the experimental procedure for problems of this type. 

2 The over-all coefficient of heat transfer, when dropwise 
condensation was not promoted appears to be rather high when 
compared with other available data. Would the authors care to 
comment on the possible reasons for these high figures? 


AvuTHors’ CLOSURE 


In reply to Professor Ebaugh’s first question: High-pressure 
steam (at pressures usually ranging from 200 to 300 lb gage) from 
a well-drained line was reduced in pressure through a series of two 
regulators, giving superheated steam, the temperature and pres- 
sure of which were measured at a section just ahead of the jacket 
on the test section. The saturation temperature of the steam, 
corresponding to the pressure in the jacket, was used for comput- 
ing temperature difference, and the enthalpy of the superheated 
steam was used in the heat balance. 

The second question refers to the results (6) shown by curve 
JK, Fig. 3 of the paper. In the preprint, the subtitle to Fig. 3 
failed to bring out the fact that a small amount of oleic acid was 
unavoidably present in the boiler steam used, although this was 
clearly stated (6). This defect in the subtitle of Fig. 3 was 
brought out in oral discussion, and the subtitle was revised at that 
time. The results of curve GH of Fig. 3 were obtained when us- 
ing additional oleic acid above that normally present. 

Curve D-I of Fig. 1 (6) gives results for a 6-ft < 5/s-in-outside- 
diam vertical tube of Admiralty metal, operated where it was pos- 
sible to employ atmospheric-pressure steam sufficiently pure to 
obtain film condensation, giving U; of 500 at 6.3 fps. 


8 Head Professor, Mechanical Engineering Department, Univer- 
sity of Florida, Gainesville, Fla. Mem. A.S.M.E. 
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Temperature Distribution and Sources in the 
Conventional Railway Journal Box 


By E. S. PEARCE,! INDIANAPOLIS, IND. 


The author presents the results of an investigation on 
heat distribution in a conventional journal-box assembly, 
in the process, outlining the exact test procedure followed. 
He concludes that the control of heat sources is the first 
step in avoiding limiting effects of temperature rise in the 
assembly, and that the condition of the waste, the oil 
used, and the bearing are the basic factors in controlling 
these sources. 


HE purpose of this paper is to set forth certain data illus- 

trative of the distribution of heat generated in the conven- 

tional railway journal-box assembly. These data have been 
collected collaterally with an extended investigation of heat causes 
or sources and their control in journal-bearing operation on rail- 
road rolling stock. In a sense, this is an uninterrupted continua- 
tion of research and development work described in a previous 
paper by the author.? 

The same plant and equipment, as described in that paper, were 
used for these tests, the amplification of equipment being the 
application of some 53 thermocouples to a 5'/, X 10-in. journal 
box and contained parts. Fig. 1 shows the box in place on the 
test plant. Fig. 2 shows diagrammatically the exact location of 
all the thermocouples and their numerical designation. Fig. 3 
shows the method of attachment of thermocouples and their 
specific location in the bearing and wedge. Fig. 4 is a diagram of 
the internal arrangement of a thermocouple. Fig. 5 shows the 
location of the thermocouples in the bearing surface to obtain 
oil-film temperatures. These are thermocouples Nos. 7, 8, 9, 
10, 11, and 12, Fig. 2. 


Test PROCEDURE 


The preparation for these tests consisted of packing the journal 
box in the conventional manner with a good grade of wool pack- 
ing, saturated with oil in the ratio of 3'/, lb of oil per lb of waste. 
The car oil used was of a standard brand, having a viscosity of 
45 sec Saybolt at 210 F. The combined quantity of waste and 
oil weighed 8 lb, consisting of 17/s lb of waste and 6'/s lb of oil. 
Conventional standard Association of American Railroads 
(A.A.R.) 5'/: X 10-in. journal bearings, broached to insure a 
fixed width of crown, were used. All tests were conducted under 
a fixed total load of 20,000 Ib, giving a unit loading of 890 lb per 
8q in. of projected actual bearing area. 

Tests were run at operating speeds of 20, 40, and 60 mph, equiva- 
lent to 268, 536, and 804 ft per min journal surface speed, with 
rpm of 186, 372, and 558, respectively. A 7-hr continuous run 
was made at each respective speed, at which time all tempera- 
tures recorded were at their stabilized maximum. These tem- 


’ President, Railway Service & Supply Corp. Mem. A.S.M.E. 

*“Locomotive and Car Journal Lubrication,” by E. S. Pearce, 
Trans. A.S.M.E., vol. 58, 1936, pp. 37-45. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, Philadelphia, Pa., December 4-8, 
1939, of Taz American Society oF MECHANICAL ENGINEERS. 

_ Discussion of this paper was accepted until January 10, 1940, and 
18 published herewith directly following the paper. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


peratures are shown in Fig. 6. Atmospheric temperatures were 
maintained within practical limits at approximately those of high 
summer temperatures. Tests were duplicated under conditions 
of still air and under conditions of moving air, the velocity of the 
air being proportional to speed, and blowing against one side of 
the box in the conventional manner obtaining with the journal 
box under actual service. 

For reference purposes, tests were run with the journal sub- 
merged in an oil bath to a depth of 1 in., indicated in Fig. 2 as 
“oil bath only,” such tests being designated by this term. The 
same cycle was used as with the conventional waste pack. A 
sample comparison, in terms of temperature rise above atmos- 
pheric temperature, is shown in Fig. 6 for the temperature at each 
of the 53 thermocouple locations, as shown by Fig. 2. The tem- 
peratures shown in Fig. 6 represent in each case the maximum 
temperatures obtained after 7 hr continuous running at each 
respective speed under high atmospheric temperatures. 

In general, the center of the journal has the highest tempera- 
ture; the bearing has the next highest temperature; then, the 
oil film between the two; and then, the wedge on top of the bear- 
ing. The packing temperature is lower than the wedge and lower 
than the oil film. The temperature of the top of the box is lower 
than the wedge and the waste pack. 


Fie. 1 Box 1n Puace on Test PLant 


The comparative temperatures, shown in Fig. 6, are not a 
measure of the relative proportion of friction losses between per- 
fect bath lubrication and waste-pack lubrication. They have no 
significance in this respect at all. At 20 mph, the difference in 
friction loss between bath lubrication and the waste pack was 
3.25 per cent; and at 40 mph it was 1.06 per cent, bath lubrica- 
tion having the lowest loss. At 60 mph, the difference was 1.6 
per cent, the waste pack having the lowest loss. No difference 
in friction could be expected between the two methods of lubrica- 
tion, due to the fact that the bearing surfaces were receiving all 
the oil necessary for successful operation and all other conditions 
were the same. 
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WirtnHovut BEARING 


(Atmospheric temperature constant at 50 F; wool waste at 3.25 to 1 satura- 
tion; still air.) 


Operation in still air and perfect flood lubrication have no 
practical application in the operation of railroad equipment. It 
is shown here only to reflect the insulating effect of the waste pack 
and the effect of air flow against the journal box. Railroad 
journals to operate at all are immediately subject to air move- 
ment. Flood, or bath lubrication, of railroad journals has many 
mechanical and operating limitations. Due to the fact that rail- 
road journals operate under wide fluctuations of temperature, 
the insulating effect of waste might be considered an aid to lubri- 
cation in its influence on oil viscosity, which would otherwise be 
controlled by rapid temperature changes, as would exist with 
flood lubrication. The data reflecting the effect of flood lubrica- 
tion in still air are to a degree representative of the operating 
conditions encountered in power-consuming or generating units 
of a stationary nature. 


EFFecT OF VISCOSITY AND CLEANLINESS OF LUBRICATING OIL 
ON JOURNAL-Box TEMPERATURES 


One common factor which influences the amount of heat gener- 
ated in a journal-box assembly is the viscosity and cleanliness of 
the lubricating oil. To illustrate this, Fig. 7 reflects the tempera- 
ture of the center of the journal under no load and without a bear- 
ing, comparing the temperature effect of new oils of 45 sec and 
60 sec viscosity at 210 F, dirty oil as removed from service with 
a viscosity of 61 sec, and this same oil after cleaning with a vis- 
cosity of 54 sec at 210 F. 

The effect of the bearing under load, as a source of increased 
journal temperature, is not a factor. It will be seen from Fig. 8 
that the bearing serves to reduce the operating temperature of the 
journal by the fact that it aids materially in the dissipation of 
heat. This is because it provides the principal path for the 
transfer of the generated heat to the walls of the journal box. 
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(SVI-45 sec oil; atmospheric temperature constant at 50 F; cotton waste at 
3.25 to 1 saturation; still air.) 


This obtains, however, under the condition of clean journal-box 
packing and with a bearing in proper mechanical condition. 
Dirty packing and/or a bearing in improper mechanical condition 
may be a limiting factor in operation by adding to the heat nor- 
mally generated in excess above that possible of dissipation through 
the bearing. The modification of the conventional bearing to 
compensate further for the effects of temperature and to augment 
its heat-dissipating capacity has produced outstanding improve- 
ments in the actual service operation of bearings. 

In Fig. 8 is also shown the temperature of the center of the 
journal as affected by clean dry waste, and with clean oil-satu- 
rated packing, without a bearing or load. Dry packing, or pack- 
ing with a reduced oil content, approaches the temperature effect 
of the dry waste shown in proportion to the oil deficiency, which 
would be further augmented by increasing the dirt content of the 
packing, as reflected by the combined evidence of Figs. 7 and 8. 
In actual operation this condition is a source of heating, which 
is due to the effects of service, producing undersaturated dirty 
packing. 

CoNcLUSION 


Obviously, the control of heat sources is the first step in avoid- 
ing the limiting effects of excessive temperature rise in the con- 
ventional journal-box assembly. The conditions of the waste, the 
oil, and the bearing are the basic factors in controlling tempera- 
ture sources. There is no economic substitute for clean journal- 
box packing properly saturated. The proper conditioning of 
bearings at the time of initial installation, and their modification 
in design to compensate for the effects of temperature, increase 
the factor of dependable operation. The extensive reduction to 
practice of these fundamental principles by several railroads has 
amply demonstrated their value. 
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Discussion 


G.}  .xzuitz.4 This comparison of temperatures recorded 
under. /eral modes of operation and at various locations in the 
test bearing is rather interesting. In the waste-packed bearing, 
the temperatures of the journal and brass are considerably higher 
than those observed with the oil bath, but the wall temperatures 
are appreciably lower. In other words, the temperatures are 
more even in the case of the oil bath, while the temperature 
gradient from journal to wall is much steeper in the waste-packed 
bearing. This, no doubt, is caused by the oil thrown by the shaft 
from the bath onto the walls. The oil splash acts effectively in 
carrying heat from the journal and bearing to the walls. On the 
other hand, the heat generated in the oil film must travel in the 
waste-packed bearing by way of the brass, wedge, and bearing top 
to the bearing walls for final dissipation into the surrounding 
atmosphere by convection. 

The temperature of the oil film was considerably higher in the 
case of the waste-packed bearing, the respective average tempera- 
ture rise being 147 deg and 88 deg for waste packing and oil bath 
(60 mph, still air). The viscosity of the oil was, therefore, con- 
siderably higher with the oil bath, and the friction was corre- 
spondingly higher. This accounts for the higher wall tempera- 
ture with the oil bath. The respective average wall-temperature 
rise was approximately 71 deg and 59 deg, indicating that the 
losses in the oil-bath bearing were some 20 per cent higher than 
in the waste-packed. This is at variance with the estimates 
given by the author. It would be of interest to know how the 
friction was measured, and to investigate the discrepancy. 

The same general condition has developed in the experiments 
with moving air. However, in the absence of data on the charac- 
ter of draft and its velocity, no comparison can be drawn between 
the operation in still and in moving air. 

Several years ago, the writer, while carrying on work with 
waste-packed bearings, also had occasion to measure the tempera- 
ture at the center of the journal by means of a thermometer in- 
serted in the journal. At that time, the temnerature was found 
to be also the highest in the bearing. The heat transfer along the 
shaft is inappreciable because the heat conductivity of steel is 
rather low, and the temperature gradient along the shaft is small, 
due to the presence of a hot supporting bearing in the close 
neighborhood of the test journal. The center temperature of the 
journal is, therefore, fairly close to the average temperature of 
the oil film. 

A further analysis of the data published by the author, with a 
full utilization of the test records and observations, can give a 
most interesting study in the heat transfer in a railway bearing. 
This would form a notable contribution to the general subject of 
temperature distribution in bearings. 


C. B. Smrru.* The conclusions in this paper merit the careful 
consideration of all interested in reducing the number of hot boxes 
occurring on passenger and freight trains. 

The comparison of the high temperatures in charts, Figs. 6 and 
8, indicates the significance of the journal bearing as a path for the 
dissipation of heat and directs attention to the proper relation to 
each other of the surfaces of the journal and of the bearing. 
Another chart might well have been included in the paper, show- 
ing a comparison of temperatures of the bearing with those at the 
center of the journal. This would illustrate more clearly the 
data shown in Figs. 6 and 8. 

The heat-generating effect of dirty oil and the reduction in 


* Professor of Mechanical Engineering, Columbia University, New 
York, N.Y. Mem. A.S.M.E. 

‘ Engineer of Tests, Mechanical Engineering Office, Boston & 
Maine Railroad, No. Billerica, Mass. 
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temperatures attained after cleaning the dirty oil are impressively 
revealed in Fig. 7, even when no bearing and, hence, no load is 
involved. 

The effect of dry or undersaturated packing in causing tempera- 

ture increases ranges from 14 to 26 per cent, as shown in Fig. 8. 
This justifies free oiling of journal boxes when restoring cars to 
service which have been idle for a long period, especially in ex- 
tremely hot weather. Fig. 6 clearly shows that ‘the journal runs 
hotter than the bearing and emphasizes the maintenance of the 
best lubricating medium between the journal and the bearing, 
thus minimizing the heat transferred to the lead lining of the 
bearing. 
«~The conclusion that the cleanliness of journal packing is eco- 
nomically important should impress those who favor the longer 
periods between repacking of journal boxes with clean, renovated 
packing waste. 

The Boston & Maine Railroad has made some studies of the 
relation between the occurrences of hot boxes in freight-train serv- 
ice and the elapsed time between packing renewals. The hot 
boxes in freight trains on that railroad occur in cases where pack- 
ing has been in service from 8 to 9 months. Figs. 9 and 10 of this 
discussion show that beyond 10 months elapsed time, the hot 
boxes occur at an increasing rate up to 15 months elapsed time 
and, thereafter, rapidly up to 18 months. A reduction of the re- 
packing period to 9 or 10 months should show justifiable results. 


AvuTHOR’s CLOSURE 
In the comment by Dr. Karelitz on frictional losses at 60 
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mph, comparing bath lubrication with waste-pack lubrication, 
since all conditions were the same on the entire test unit, except 
the absence of waste in one case and its presence in the other, total 
input in kilowatts per hour for each of the three 7-hour runs 
is a true basis of comparison for the determination of frictional 
losses with the following result: 


Average kilowatts per hour 


60 Miles per hr, 7 hr, Test run 
20,000 Ib load No. 1 No. 2 No. 3 
With off bath................ 2.59 2.58 2.61 
With waste pack............. 2.59 2.74 2.70 


Obviously the same amount of frictional heat must have been 
created in both cases. The fact that it was distributed differ- 
ently to the walls of the box is a phenomenon which has no signifi- 
cance in establishing the quantity at the source. 

The points brought out by Mr. Smith are particularly interest- 
ing, since they demonstrate that the results of the laboratory find- 
ings can be and are reproduced and their effect measured in terms 
of actual service. To illustrate more clearly, as Mr. Smith points 
out, the data shown in Figs. 6 and 8, Fig. 11 is included showing 
the comparison of temperatures of the bearing with those at the 
center of the journal, for the purpose of giving the effect of oils of 
approximately the same viscosity; but in the one case clean oil 
and in the other case dirty oil was used. These charts, taken 
particularly in connection with Figs. 9 and 10 shown by Mr. 
Smith, reflect in practical operation the effect of an accumulation 
of dirt in car-journal oil as it affects journal temperatures. 
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Purchase and Use of Fuel 


By E. WADSWORTH STONE,? THOMPSONVILLE, CONN. 


In this paper, the author discusses the location of in- 
dustry, sources of its fuel supply, available competing 
fuels and their relative cost, the purchaser’s combustion 
equipment, the method and efficiency of conversion, all 
of which are factors influencing the cost of power and the 
fuel necessary to produce it. The history of fuel produc- 
tion, supply, regulation and use, and the substantial im- 
provement in combustion equipment during the last 
twenty years afford an interesting commentary upon the 
complicated problem of fuel purchase and supply. 


UEL represents potential energy for release in the form of 
Five and its purchase and use involve many interrelated 
factors. 

Consumers evaluate fuel according to the recoverable heat 
when this is converted in their own equipment and for their own 
use. Consumer interest will vary to the extent that certainty of 
fuel supply and fuel cost are important factors in their own 
production problem. 

Producers, to continue in business, must realize in the aggre- 
gate their true actual cost of fuel production, preparation, and 
sale. Producers must also accurately appraise markets, con- 
sumer needs, and available conversion equipment in the prepara- 
tion and merchandising of their fuels successfully to meet competi- 
tion. 

Consuming markets seldom are located at or adjacent to the 
sources of supply. The cost of transportation, definitely estab- 
lished for whatever means employed, therefore constitutes a 
necessary, measurable, and usually a major factor in the de- 
livered fuel cost. 

The cost of production, distribution, and utilization thus de- 
termines the character and extent of the fuel markets, price 
levels, and the relative values of competing fuels available in any 
common consuming market. 

Regulation, either state or federal, provided it properly 
recognizes the public, producer, and consumer interests, and fair 
existing competitive opportunities, may prove helpful. But 
regulation which ignores the effects of changing economic condi- 
tions and disregards the ordinary flow of fuel, in response to 
normal supply and demand under normal conditions of free and 
open competition, may cause a shift of markets and a permanent 
dislocation of production and consumption sufficient to offset any 
immediate temporary or localized gain. 

Integrated valuations of fuel by producer and by consumer, 
measured one against the other, will determine its fair average 
value. Any abnormal or arbitrary departure therefrom will 


adversely affect the producers of fuel and the consuming markets 
they serve. 


LocaTion—INDUsSTRY AND FuEL 


This country’s growth, commencing at the Atlantic seaboard, 


) has largely been toward the West and Northwest, with industry’s 


movement and location generally determined by the availa- 
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bility of raw materials, consuming markets, and convenient 
means for the distribution of manufactured products. 

Fortunately, acceptable fuels were usually accessible. For- 
tunately too, excepting a few industries like steel and glass, 
fuel constitutes but a minor portion of the raw-material require- 
ment. Moreover, the development of power represents but a 
small, although increasing, part of the cost of production, due 
to the continued advance in the cost of manual labor. Trans- 
portation factors governing commodity movement were also 
favorable toward the convenient supply of fuels. 

Initially, industry, particularly in New England, was located 
to make use of available water power. Increasing power re- 
quirements later necessitated the installation of steam relay 
stations and, eventually, the use of purchased power. 

The gradual movement of industry westward, and its con- 
venient location along rivers, lakes, railroads, and other available 
means of transportation, has brought about a corresponding 
redistribution of industrial-fuel markets and, likewise, shifts in 
the centers of population and domestic-fuel markets. 

In each instance, the continued effort to secure lower costs of 
heat and power has stimulated the use of more efficient combus- 
tion equipment and lower grades and less expensive kinds of fuels. 

From 1889 to 1929, energy for all uses increased approximately 
sixfold; from 1909 to 1929, industrial power requirements in- 
creased some twofold; and in the last 20 years, the use of electric 
energy has increased threefold. This increase in the use of power, 
particularly of electrical energy, has brought about the installa- 
tion of many large generating stations in and near important 
industrial centers. 

Extensive transmission systems have been provided to inter- 
connect large steam-generating plants and the near-by hydro- 
stations. In spite of this augmented flexibility of generation and 
supply of electrical energy, the relatively limited storage facilities 
at the source and at consumers’ plants require continued and 
even greater dependence upon the transportation systems for 
high-speed service, reliability, and continuity of fuel supply. 

Frequently, reference is made to the location of large generating 
stations at the mine or other source of fuel supply, but the fuel- 
transportation factor may be offset by the lack of condensing 
water at the mine and the economics of electrical-energy trans- 
mission. Bituminous coal has been and undoubtedly will con- 
tinue to be the principal source of steam and electrical energy. 
Competing fuels and hydropower are making substantial in- 
creases, although seasonal variations in the latter may necessitate 
steam relay stations. Calculated at the prevailing fuel rate for 
electrical energy, the percentage of hydropower to the total 


energy consumption has approximated 3 to 4 per cent (1, 3)? 
since 1899. 


CompPetine FvELs 


Coal deposits, with minor exceptions, are conveniently acces- 
sible to all consuming markets. On the other hand, oil is pro- 
duced principally in the states of California, Oklahoma, and 
Texas, and to a lesser degree in several other states. The pro- 
ducing areas for natural gas roughly coincide with those for oil. 

Bituminous coal, fuel oil, and natural gas not only compete with 
each other in those markets easily reached or favorably situated, 
but with domestic anthracite in the East and with manufactured 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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gas and coke in many industrial centers throughout the United 
States. 

New England is a good example of a competitive fuel market. 
Imported fuels are a negligible factor, but the production of 
hydropower and the use of fuel oil, anthracite, and bituminous 
coal, together with the by-product forms of manufactured gas 
and coke, present to both the industrial and domestic consumer 
a wide variety of fuels from which to choose. 

The importation of oil, although frowned upon by producers of 
competing fuels, has the effect of preserving our country’s 
rather limited oil reserves. On the other hand, the importation 
of foreign coal, particularly anthracite along the Atlantic sea- 
board, does detract from the potential markets for solid fuel, of 
which there is available several thousand years’ supply. 


ENERGY CONSUMPTION 


TABLE 1 TOTAL ENERGY SUPPLY—ALL FUELS AND WATER 
POWERS (1, 3) 
Annual energy supply, Coal equivalent) 

Bt in 


u 
(trillions) 


Year million tons 
1909 14284 545 
1918 21706 830 
1929 25421 972 
1937 24183 921 

®@ Refer also to Figs. 1 and 2. 


6 26.2 million Btu per ton of bituminous coal. 


The total annual supply of energy from mineral fuels and 
water power (at the prevailing central-station heat equivalent) 
closely approximates 25,000 trillion Btu. As now proportioned, 
this may be expressed in terms given in Table 2. 

Approximately 70 per cent of the total bituminous-coal ton- 
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TABLE 2 ESTIMATED ANNUAL NORMAL PRODUCTION 


440 to 480 million tons 
Norte: Coke and manufactured gas involve the consumption of other 


primary forms of fuel and are not included. 


nage is produced in the eastern or Appalachian fields, 18 per cent 
in the middle-western fields (minimum price areas (2, 10) Nos. 1 
and 2, respectively), and the balance in varied and scattered 
amounts in the South and in the Rocky Mountain and north- 
western states. 

The annual consumption of bituminous coal in the market 
areas east of the Mississippi River, for industrial and domestic 
uses, excluding export, railroad, and bunker fuel, approximates 
3/, of the total tonnage of the United States, apportioned (4) as 
shown in Table 3. 


TABLE 3 ANNUAL ee a OF BITUMINOUS COAL IN 


Million tons 


New England States 
Pennsylvania, West Virginia, and other North Atlantic 

tates 
Other states south of the Ohio and east of the Mississippi 


Substantially all the anthracite is produced in eastern Penn- 
sylvania and consumed in the North Atlantic States. 

The principal consumption of fuel and gas oil is in the pro- 
ducing and adjacent areas and those markets conveniently 
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reached via tidewater and pipe line. The total distribution (5) Per cent 
/ New England States................ 9 Texas 36 
Middle Atlantic States.............. 29 
| South Atlantic States............... 4 Other states 19 
; South Central States............... 20 
t Rocky Mountain States............. 1 
Pacific Coast States................ “VW 
l i icenliateiienoen = In 1937, there was produced from fuels 77,348 million kwhr 
4 i TE a 100 of electrical energy, and from water power, in competition with 
- @ fuels, some 43,702 million kwhr, a total production of 121,050 
The consumption of natural gas likewise is generally con- million kwhr,* apportioned (6) as shown in Table 4. 
t | fined to the producing areas, except where accessible by pipe 
ic ; line, with the total distribution (5) 1937 divided as follows: 3 Approximately 128,000 million kwhr in 1939. 
s 
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t 1937 rate, 1.42 lb per kwhr PO caccivsuciicnsdvsicudcdackokuew 1075 per cu ft 
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TABLE 4 APPORTIONMENT OF ELECTRICAL-ENERGY 
PRODUCTION IN 1937 


Hydroplants, Fuel plants, Total, 
per cent per cent per cent 

New England States.................. 7 6 7 
Middle Atlantic States................ 19 29 26 
East North Central States............. 5 34 23 
West North Central States............ 5 7 6 
South Atlantic States................. 16 9 12 
East South Central States............. 8 2 4 
West South Central States............ 1 8 5 
Rocky Mountain States............... 10 2 5 
Pacific Coast States.................. 29 3 12 

100 100 100 


For comparison, it is interesting to note that the electric- 
generating capacity of utility and other power and light plants 
devoted to public use at the end of the year 1937 was reported to 
be as follows: 

10,474,000 kw for hydroplants 


26,558,000 kw for those using fuel 
37,032,000 kw‘ for entire United States 


The total amount and that for the two methods of generation are 
apportioned (6), as shown in Table 5. 


TABLE 5 APPORTIONMENT OF ELECTRIC-GENERATING 
CAPACITY IN 1937 


Hydroplants, Fuel plants, Total, 
per cent per cent per cent 

New England States.................. 8 8 8 
Middle Atlantic States................ 14 29 25 
East North Central States............. 6 28 22 
West North Central States............ 5 9 8 
South Atlantic States................. 19 9 12 
East South Central States............. 10 3 5 
West South Central States............ 1 6 5 
Rocky Mountain States............... ll 2 4 
Pacific Coast 26 6 ll 

100 100 100 


Those portions of the fuels which compete with each other and 
with hydropower may be conveniently expressed in terms of 
“equivalent bituminous-coal tonnage’® for a normal year. 
These values are given in Table 6. 


TABLE 6 “EQUIVALENT BITUMINOUS-COAL TONNAGE” FOR 
COMPETITIVE POWER SOURCES IN NORMAL YEAR 
Million tons 
Bituminous coal: 
Industrial and power use..............0s0005 264 to 288 440 to 480 
Anthracite: 
17 to 21 50 to 60 
Fuel and oil: 
Natural gas: 
683 to 733 


EFFICIENCY OF CONVERSION 


The improvement in efficiency of converting the potential 
energy of coal and other fuels into electrical, mechanical, or other 
useful forms of energy offers an interesting commentary upon the 
relatively constant total supply of energy from mineral fuels 
since 1918, except during the depression years of the 1920’s and 
again in the 1930’s. The following examples will illustrate this 
point: 

The average number of pounds of coal required per 1000 gross 
ton-miles for freight service on steam railroads decreased from an 


4 Approximately 40 million kw at the end of 1939. 
5 26,200,000 Btu per net ton. 
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average of 170 Ib in 1919-1920 to 115* in 1938; a reduction of 
32 per cent (4, 5, 7). 

During the same period, the pounds per passenger-train car- 
mile decreased from 18.5 lb to 14.9;’ an improvement of 19'/, 
per cent (4, 5, 7). 

In 1918, the production of a gross ton of pig iron required the 
use of the equivalent of some 3577 lb of coal, whereas, in 1938 
this amounted to but 2865 lb; an improvement of nearly 20 
per cent (4, 5). 

The improvement in the efficiency of production of electrical 
energy is even more marked. It is reported that in 1889 the 
average consumption of coal was 7.5 lb per kwhr. This require- 
ment (1, 4, 5, 6, 8, 11) was reduced in 


1902 to 6.4 lb per kwhr 
1912 to 4.5 lb per kwhr 
1919 to 3.22 lb per kwhr 
1920 to 3.04 lb per kwhr 
1929 to 1.69 lb per kwhr 
1938 to 1.41 lb per kwhr 


The reduction since 1919 approximates 56 per cent. 

Several central stations are now producing electrical energy for 
0.75 lb of coal per kwhr, approximately '/; the 1938 average for 
the entire United States. Many factors have encouraged this 
improvement in efficiency and undoubtedly will continue to do 
so, although perhaps not to the extent possible in the past. 


EQUIPMENT AND CHANGES 


The record is replete with coal analyses, boiler- and power- 
equipment tests, specifications and descriptions in general and in 
detail, including design, construction, and operation of modern 
steam-generating stations for the utilization of solid, liquid, or 
gaseous fuels, singly and in combination, and need not be further 
amplified in this paper. 

Considerable thought has been given to the storage of fuel, 
its delivery to the furnace, the method of firing, combustion con- 
trol, the removal of waste, desirable fuel characteristics, boiler 
design, operating pressures, capacities, and the rate of heat re- 
lease. Much study has been devoted to size and arrangement of 
combustion space; gas velocities, to secure maximum rate of 
heat transfer; furnace temperatures; the use of waterwalls and 
special refractories to withstand the higher prevailing furnace 
temperatures; the use of alloy steels and welded construction; 
pulverizer design and the use of watercooled stokers. 

Heretofore, the quantity of ash and of sulphur and the ash- 
fusion temperatures appeared to be limiting factors in the use of 
certain types of combustion equipment. ‘Methods for continuous 
or intermittent ash removal, either in the dry or plastic state, 
have been improved. We know more about what actually takes 
place in the combustion of fuel and the behavior of ash on re 
fractory and boiler surfaces. This has indicated that the slagging 
characteristics of a coal may be dependent upon the fusion tem- 


peratures of its component parts rather than an average of all, } 


and that Fe,Oy, lime, and other components of ash definitely in- 


fluence slag formation. All this has helped to make possible the 


combustion of high ash pulverized coal with ash-softening — 


temperatures as low as 2300 F, in a dry-bottom furnace, and, 


conversely, the use of high-fusion coals with ash-softening tem- ; 
peratures as high as 2550 F, in wet-bottom furnaces, the furnace ~ 


temperatures in either case being controlling factors. 


These numerous experiments, studies, and investigations, indi- 


vidually and collectively, constitute an important contribution t 
the use, operation, and efficiency of modern steam-generation 
equipment, and encourage still further improvement. The e* 
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perience and results obtained on the larger units have been and 
can be applied, with perhaps less refinement, to the smaller and 
simpler combustion units for industrial use, or for the modifica- 
tion and more efficient utilization of existing equipment. 

Large utility and industrial consumers of fuel employ tech- 
nicians to check fuels and power-plant operation carefully and 
frequently. To the small consumer, who may question the 
economic justification of such a check, there are now available 
fuel technicians and an extensive array of operating data. The 
larger producers of fuel maintain, for the convenience of their 
customers, technical staffs thoroughly acquainted with their fuels 
and frequently experienced in actual plant operation. The 
National Association of Purchasing Agents (9) has also re- 
minded its membership of the more important factors influencing 
the use of fuels. 

Heretofore, initial cost has frequently been permitted to in- 
fluence the installation and use of steam-generating equipment, 
often to the extent of restricting it to a single or a limited number 
of types or grades or sizes of fuel. 

There appears to be a growing realization among equipment 
manufacturers and, likewise, among the users of all kinds of fuel 
that, with very little additional effort and expense, steam- 
generating equipment, having a much wider range of fuel utiliza- 
tion, can now be manufactured and installed. 

If this be a correct interpretation of the trend, this increase in 
the adaptability and range of use of fuel-burning equipment will 
enable the consumer, in spite of the tendency to regulate both 
price and source of supply, to purchase fuel at a low average unit 
cost and effect the same or even greater efficiencies of conversion 
than have heretofore prevailed. 

Likewise, manufacturers may, at little added cost, modify their 
combustion equipment to make possible the burning of solid, 
liquid, or gaseous fuel, and the high- and low-grade fuels of any 
type with substantially equal efficiency. 

Thus, the consumer will be enabled to take greater advantage 
of the potential and changing fuel markets and available methods 
of transportation, and in his purchases can be governed to a 
larger degree by the actual fuel value measured by the delivered 
fuel cost per million Btu. 


Market TRENDS? 


Natural gas has been marketed in ever-increasing quantity 
since 1921, similarly fuel oil, with the increased consumption 
more pronounced for domestic heating than for other uses. At 
the same time, there has been a definite trend downward in the 
use of both anthracite and bituminous coal, this trend being more 
pronounced since 1926. 

Throughout the last 20 years, steam-generated electrical 
energy has increased threefold, with but slight increase in the 
use of fuel, due to improved efficiency in fuel utilization. Hydro- 
generated electrical energy has increased in substantially the 
same proportion, but, if evaluated at the prevailing rate for 
steam-generated energy, the coal displacement appears to show 
relatively small change since 1918. 

Except for the periods during and immediately following the 
World War, and during strikes and other abnormal times, all 
bituminous coal has averaged to realize at the mine between 
$1.75 and $2 (5) per net ton. 

The realization at the mine for Pennsylvania anthracite ap- 
pears to have declined steadily from an average of $5.35 in 1931 
(5) to nearly $4 in 1937. The downward change, which was 
greater for domestic sizes, was somewhat offset by a gradual in- 
crease in the realization for industrial and steam sizes. 

If we take the tidewater price of bunker C fuel oil at New 


* Refer to Figs. 1 and 2, 
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York, the average price per barrel for the years 1933 to 1939, 
inclusive, has ranged from approximately $1 to $1.30 (5), with 
the actual price, of course, depending somewhat upon the local 
market conditions, the quantities involved, and subject to 
greater fluctuation than that of other fuels. 

The average annual realization for natural gas, en the other 
hand, has ranged within relatively narrow limits, from approxi- 
mately 21!/, cents to 24°/, cents per thousand cubic feet at point 
of consumption for the years 1925 to 1938 (5), inclusive. Al- 
though the figure for all natural gas has remained substantially 
constant, the average for industrial use during the same period 
appears to have declined from a high of nearly 13 cents to a low 
of 9.7 cents, whereas, the corresponding rates for domestic con- 
sumption appear to have increased from a low of 56 cents to a 
high of some 69 cents per thousand cubic feet. 

These figures, unless otherwise stated, are merely averages for 
the entire United States. They do not indicate the relative 
prices at any particular market or destination, where the different 
transportation costs will substantially modify the actual de- 
livered prices for the available fuels. 

The better- and not the lower-grade fuels move to the more 
distant markets, where transportation is important. From time 
to time, strikes, changing business conditions, temporary short- 
ages of supply, and other varying factors may serve to modify 
consumer preference and the relative prices of competing fuels, 
but the general parallelism between the costs of the different types 
of fuel (solid, liquid, and gaseous) appears to continue. 

Recently, producers of bituminous coal have given more 
attention to the screening, sizing, cleaning, and possible dust 
treatment of their coals, the better to meet changes in market 
conditions and in combustion equipment, realizing that thereby 
they can substantially improve their opportunities to hold and 
possibly extend existing markets. 

The use of the finer sizes of slack and double-screened coals, 
respectively, for the industrial and domestic trade has sub- 
stantially increased. Slack coals, formerly a drug on the market, 
selling at ridiculously low prices, have encouraged the intro- 
duction of pulverized-fuel equipment. The introduction of 
domestic stokers has made possible and convenient the use of 
smaller and less expensive double-screened sizes of coal, tending 
to reduce the supply of slacks available for industrial use. 

The price differentials between the so-called “prepared” or 
double-screened coals, on the one hand, and slack coals, on the 
other, tend to diminish, with the mean or weighted average ap- 
proaching but not reaching the mine-run figure. This diminish- 
ing differential as to size, coupled with corresponding differen- 
tials as to grade, has accelerated the price leveling-out process, 
as indicated by the generally greater increase proposed under 
the new price schedules for slacks and industrial coals than for 
the large double-screened and domestic sizes. 


TRANSPORTATION 


Freight rates are not always proportional to the distance 
traveled, in fact those for long hauls often are relatively lower, to 
enable newer and more distantly located coal fields to compete in 
the larger consuming markets with the older near-by fields. 

The cost of transporting a ton of coal via rail averaged, for 
the entire United States, an amount equal to or greater than the 
average cost of the fuel itself. This cost ranged from $2.15 to 
$2.27 per net ton during the years 1929 to 1938, inclusive, with the 
actual transportation charge to many consuming markets several 
times the actual fuel cost f.o.b. cars at the mine. Approximately 
24 per cent of the bituminous-coal production is water-borne 
wholly or partly via lake, river, or tidewater, and 7 per cent is 
moved by truck from the mine to near-by destinations and usually 
at less than rail rates. 
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Transportation cost, reliability of the carrier or carrier system, 
and the continuity of supply are important factors when coal or 
fuel oil are considered. 

The increasing availability of natural gas has encouraged the 
extension of pipe lines so that now it may be so conveyed thou- 
sands of miles from the source of supply to the ultimate consumer. 

Anthracite destined for eastern markets generally moves via 
rail, or rail and tidewater, with a small portion moving via truck. 


SELECTION AND EVALUATION OF FUEL 


Purchasers of fuel are anxious to familiarize themselves with 
the limitations of their own equipment, the operating man’s view- 
point, and the characteristics of available fuels. They desire some 
readily understood measure of fuel evaluation and performance, 
first, to guide them in its selection and, subsequently, to check 
actual performance when the fuel is burned in their own plants. 

A suitable measure of performance will facilitate comparison 
between plants and between competing fuels in the same plant, 
also the effect of variations in preparation and physical character- 
istics upon the efficiency of utilization. 

A vast amount of detailed information and individual plant- 
operating experience has been accumulated and made available 
by the engineering profession and by producer and consumer 
organizations as to available fuels. Nevertheless, the major 
problem still remains. 

A scientific approach to the purchase of fuel is possible. Fre- 
quently, however, the power or fuel portion of the total manufac- 
turing cost is not sufficiently large to justify the extensive and 
detailed evaluation methods used by those who consume millions 
of tons annually. However, the many chemical and physical 
characteristics of fuels undoubtedly do have a marked bearing 
upon the selection of appropriate fuels and, having once deter- 
mined the desired type or types, the field is considerably nar- 
rowed. It then becomes a matter of evaluating fuels on the basis 


TABLE 7 SUGGESTED METHOD OF EVALUATING FUELS 


Coal per “ee Per Barrel Per M Cu.Ft. 
r verizer Cas 
Plante fi. #2. 
Type of Fuel: 2" x0 NAS 3/4*x 0 Sleck Bunker Nesurel 
Vendor: x Zz Y 
Average rating: 1754. 275}. 200% 2004 
Duration of test: 1 month 8 hours 8 bours 3 months 
Steam conditions: 
Pressure: 16: 17: 175¢ Ge. 4 Ga. 
Superheat: 1 ise F. 140° F. 
Efficiency overall: 78%. 824 83.9% 604 
(a) 
¥.0.B. source: $1.80 $1.95 $.95 $.05 
Transportation: 4.00 $5.80 2.86 $4.81 225 $1 $.11 
(B) Fuel maths 
01 
Rehdlg. Bunker or Tank: .04 042 
“Transfer to burner: _.150 .206 .023 
{C) Waste disposal: +04 +10 - 
(D) Labor, Supervision, 
Maintenance, ete. 
Grates, Stoker parts, 
Burners, Pulverizing 
equipment, ete. 125 2001 
Brickwork, Settings, ete. .04 2006 
Boiler service labor: +165 054 2085 
Supervision: 09 .42 -10 2022 .146 .026 
**Total Unit Cost: $6.36 $5.574 $1.369 
Million B.T.U. absorbed 
per Ton or unit Fuel Cost: 22.2 22.8 5.2 86 
Cost per Million B.T.U. absorbed: §$.287 $.244 $.263 $.162 
Motes: * Includes cost of coal pulverization or oil eee 
Unit for comparison may be Net Ton (Coal), Barre) 


(011), 1,000 eu.ft. (Ges), 
Inclusion of fixed charges optional. 
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of actual heat recovery rather than on a casual analysis of a 
salesman. 

Coal is now available in a greater variety of sizes and grades 
than is generally realized. The producers themselves have 
learned to better prepare, size, grade, and treat their coals; 
fuel oils have increased in specific gravity and heat content; 


refinery by-products and residues have become available; and | 


the extension of natural-gas lines has brought this fuel into | 


many otherwise inaccessible markets. Combustion equipment 
has been designed or modified to permit high rates of heat release 
and to burn not only one but several fuels with substantially 
equal facility. The fuel-selection problem thus has become in- 
creasingly complex. 

The average consumer is manifestly somewhat bewildered by 
the kaleidoscopic changes in fuel prices, fuel markets, and factors 
affecting fuel production, distribution, and use. 


or measure of evaluation and a definite departure from the old 
rule-of-thumb method of purchase from “Smith” or “Brown,” 
because the fireman thought it burned better or merely because 
the supplier had convinced the fireman that his 
better than that of his competitor. 


The suggested method of evaluation is illustrated in Table 7 


for coal, gas, and oil, and for stoker- and pulverized-fuel-fired 
boilers. 


The variable factors, production, transportation, handling, 


and utilization, may be divided into two fundamental and 
essential groups as follows: 


1 The complete cost of the fuel, including transportation and 
conversion, per ton, barrel, or million cubic feet. 

2 The heat recovery expressed in convenient units, as, for 
example, million Btu per fuel unit. 


Both of these in the average industrial plant may be readily 
and accurately determined. When compared, they provide a 
simple and substantially uniform and _ sufficiently accurate 
method of evaluation regardless of the fuel, the conversion equip- 
ment, the method of operation, plant location, or any other of the 
many factors which enter into or effect the utilization of fuel. 


balance if desired, fuel evaluations are completed for representa- — 


coal shoveled 


His interest in | 
the evaluation of fuels leans toward a definite, tangible yardstick — 


4 


4 


After the primary determinations, supplemented by a heat — 


tive fuels and the usual boiler ratings. Subsequent modification 


may be quickly approximated to determine the effect of changes in 
prices, transportation costs, and operating efficiencies. There- 
after, periodic tests and an analysis of the results over extended | 


periods may suggest further changes in fuels and conversion — 
equipment and make possible the widening of the range of fuel — 


application. 


be easily and readily applied to a large or a small plant, and | c 


Thus, the management and operating staff are — 
provided with a yardstick or standard of performance which ca® — 


which includes all the essential fundamental factors. To illus 


trate, if we add the following items: 


A The delivered cost of fuel, including storage and handling | 
if necessary ; 


B_ Cost of handling the fuel into and through the conversion ‘ 


equipment; 
C Ash- and waste-removal cost; 


D Supervision, labor, maintenance, and other operating | | 


expense; 


then we can readily determine, from these known and easily : 


secured data, a unit cost for fuel delivered and consumed. 


Actual heat recovery may be readily ascertained from the § 


steam produced or an equivalent-use evaluation in other prot” 
esses. The two predominating and major factors may then be ” 
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compared directly to determine the cost per million Btu actually 
recovered, i.e. 


Fuel cost 
Heat recovered 


= Cost per million Btu recovered 


The three cost factors B, C, and D, are the average for the 
particular plant for the preceding year, weighted (plus or minus) 
to approximate empirically the probable increase or decrease, as 
the case may be, for handling the particular type, grade, or size of 
the fuel in question. The average cost assigned to B, C, and D is 
controlling and is a definite and known amount for any given 
plant. Such slight modification as may be required properly to 
weight these items for any particular fuel is a very small portion 
of the total cost of the delivered and converted fuel, in fact so 
small as not to be seriously questioned by either the seller or the 
consumer of the fuel, and usually small enough to be waived en- 
tirely in case of serious argument. 

This method of evaluation includes the cumulative effect of 
many factors not otherwise distinguishable except through de- 
tailed analysis. Actual experience and use have shown that it 
affords a reasonably simple and accurate comparison of the 
energy-conversion cost for different plants, either large or small, 


or different usable fuels in the same plant, or even plants other 
than those used for the generation of steam. 

To a particular producer 5 cents per bbl or 10 cents per ton 
differential in the fuel cost (f.o.b. source) may appear to be a 
substantial one, and may even mean the loss or gain of his market 
or customer. To the consumer, transportation is an added and 
an important element of expense; in fact, frequently, as in 
New England, transportation cost may average to be twice that 
of the fuel itself. Thus, small variations in fuel price, although 
seemingly of major importance to the producer, actually become 
a minor factor in the consumer’s total cost, and particularly so 
if, for the fuels or the plants being compared, there is a marked 
difference in the percentage of heat actually recovered. 


Minimo Prices For Biruminovus Coan 

There has been in progress during the last two years a series 
of investigations, collection of fundamental data, and hearings 
for the purpose of determining the weighted-average cost of 
production and establishing minimum prices for bituminous coal 
in accordance with the Bituminous Coal Act of 1937 (2). The 
Act authorizes separation of the coal fields of the United States 
into 23 producing districts and the grouping of these into 10 
minimum-price areas. The Act requires that the production of 
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Producers’ Data to District Statistical Bureau 


Cost of production: (1) Direct and indirect expenses plus cost of 

selling. 

Preparation: (2) Kinds, qualities, sizes. 

Sales: (3) Selling price, spot orders, invoices, credit memo. 

Distribution: (4) Tonnage by kinds, sizes, grades, and use to each 
Market area. 

District Statistical Bureau to Division Statistical Section: 


Summaries of 1936 cost (5), preparation (6), sales (7), and distri- 
bution (8) data for each District to statistical section of Bituminous 
Coal Division; District cost summary (9) to District Boards. 

Adjustment 1936 production cost: : 
District Boards’ recommendations to Division to reflect changes in 
wages, etc., since 1936. 

Cost hearing: 

Regrading determination weighted average cost of production for 
each District and price area. backs 2 

Approved weighted average cost of production authorized by Division as 
basis for proposing minimum prices for various kinds, qualities, and 
sizes of coal produced in each district. 

Intra-district quality and price relationships to reflect values of the 
kinds, qualities, and sizes of coal produced by each mine within the 
district as proposed by each District Board, together with their 
Frceenas as to marketing rules and regulations for the sale of coal. 

4-II (a) Hearing: 
Regarding proposed intra-district quality and price relationships 
and marketing rules and regulations. 


Approved intra-district classifications and marketing rules and regula- 
tons, 


( | Coordinated minimum prices, coal classifications, marketing rules. (16). 

an 

(17) Proposed as result of coordination by the several producing dis- 
tricts for each kind, quality, and size shipped by any of them, in 
competition into any and every market area, together with co- 
ordinated marketing rules and regulations. 
In the event of failure of the districts to agree in whole or in part, 
the Bituminous Coal Division may complete and propose such 
coordinated minimum prices and marketing rules (17). 

(18) 4-II (b) Hearing: 
annins inter-district coordination, prices, and marketing rules 
proposed for the shipment of coals into common consuming markets. 

(19) Marketing rules and regulations: ) Promulgated by Secretary of the 

(20) Prices—minimum and if neces- Department of the Interior 
sary, maximum: upon recommendation of the 

(21) Discounts to distributors: Director of the Bituminous 

(22) Price modifications and changes found necessary or advisable on the 

and Division’s own representations or on request from producer (22) or 

(23) —— (23) interests, and after suitable hearing, legal procedure, 
ete. 

(24) Records are available to Consumers’ Counsel on request. 

(25) Distribution or sales agency, registrations. 

(26) Rules: Procedure and relationship between District Board and 

on producers (26) and necessary assistance and information (27). 

(28) Taz: 


None on export shipments or those to federal, state, or suunieigal 
purchasers; 1 cent per ton on all other except that produced by 
noncode members, which shall be 19!/2 cents per ton. 
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any district shall realize, as nearly as may be, the weighted- 
average cost of production of the minimum-price area of which 
the district forms a part. It also provides for the establishment 
of Consumers’ Counsel as a liaison agency between the Coal 
Division on the one hand and the consuming public on the other. 

The Bituminous Coal Division of the Department of the 
Interior on July 1, 1939, took over the work of the former National 
Bituminous-Coal Commission, and since that time has carefully 
and painstakingly continued the procedure (Fig. 3) of establishing 
minimum prices, f.o.b. mine, for bituminous coal from all produc- 
ing districts within the United States and for movement into the 
many consuming market areas (some 200) within its boundaries. 
The task proved to be a formidable one; in fact, the final mini- 
mum-price hearing, which in a measure comprised an open 
coordination meeting, has taken 6 months, with the accumulation 
of some 25,000 pages of testimony and over 1700 exhibits, many 
of which are replete with data of varied and complicated character. 
All of this, together with the fundamental data upon which the 
weighted-average-cost determinations have been predicated, 
comprises a more extensive accumulation of pertinent data with 
reference to the production, distribution, consumption, and values 
of bituminous coal than any heretofore assembled in the history 
of the industry, and of inestimable value to producers and con- 
sumers alike. 

The magnitude of the problem and the difficulty of arriving at 
an equitable solution becomes all the more apparent when one 
realizes that it involves: 


tuncapous 
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1 The determination of the cost of producing and selling coal, 

2 The classification of all coals by size and by grade. 

3 The cost of transportation. 

4 The establishment of minimum prices for the various kinds, 
qualities, and sizes of coal, produced in the several districts, to 
reflect, as nearly as possible, their relative market values at 
points of delivery in each common consuming-market area. 

In addition, the Bituminous Coal Division, in the absence of 
complete agreement between producing districts, found it 
necessary to undertake the work of final price coordination. 

Production costs for all mines for the year 1936, adjusted to 
reflect subsequent changes in wages, etc., including a reasonable 
cost of selling, when summarized, were used to determine the 
weighted-average cost of production per net ton for each price 
area for all of the ascertainable tonnage produced therein. 

Subject to public hearing and subsequent approval by the 
Coal Commission, each district board proposed a classification of 
its coals and differentials as to size and grade. Subsequently, as 
a part of coordination, the Coal Division determined the base 
coals of each producing district and related these to the base coals 
of the other producing districts in their common consuming 
markets. .The remaining coals of each district were then differ- 
entially related to its own base coals within the same market. 

Throughout, consideration was given to sizing and preparation 
of coal, methods of cleaning and treatment, coai analyses, and to 
the possibility of rearranging and regrouping sizes proposed for 
each producing district, to facilitate the relation of various coals, 
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and simplify price structure for both producer and consumer. The level of prices in any common consuming market is to a 
Transportation tariffs are intricate in relationship and infinite large degree determined by that market, its proximity to the 
in variety. Transportation cost constitutes a very definite and _ producing field, and the extent to which competing fuels, whether 
_ important factor in determining the f.o.b. mine prices of fuel. they be gas, oil, other coals, or even hydropower, may affect the 
This is necessary if coals from the various sources are to compete movement of bituminous coal into that market. 
with other fuels on a basis which will insure fair opportunities for Fig. 4 is a reproduction of an exhibit (4) introduced by the Coal 
the consumer to purchase and producers to distribute their coal Division during the final price hearing. On this the Division has 
in their natural markets without serious interruption or disloca- _ noted the principal markets, producing districts, and f.o.b. mine 
tion of tonnage. prices for competitive ‘‘base” steam coals for “certain selected 
In relating truly competitive coals, substantial freight differ- destinations.” This is included here by way of illustration, 
 entials frequently were reduced by the absorption of a limited without in any way implying approval. It seemingly indicates 
ie portion of such differential by the expedient of lowering the f.o.b. an attempt so to coordinate coal prices as to avoid discrimination 
mine price of the coal or coals moving on the long freight rates. 


Coal for truck delivery was priced at the mine to effect the same _' 
delivered price as that for rail movement, an average trucking 
charge being used for this purpose. R483 
An effort has been made to retain the advantages of low-cost Ce $176 . a rome 
_ water transportation in some market areas and for those con- ‘ oem 
gumers who are privileged to receive fuel on an “alongside” basis. 
Coal moving ex-dock, ex-river, or ex-lake has been coordinated Pesce ange tos 
with competing fuels moving all-rail into the same common con- mimimun Nea Siz 


suming market. cos cas 


TABLE 8 COST AND REALIZATION FOR VARIOUS PRODUCING 
: DISTRICTS AND PRICE AREAS* 
1 V = VALUE DIFFERENCE, COORDINATION PRICES MIN. PRICE AREAS No! ano No.2 


Price area Weighted 1937 Difference: INCREASE EASTBOUND 
) ; and Ave. Cost Production Anticipated Realization We DECREASE WESTBOUND 
District of Proi'n. (Net Tons) Realization and Cost - PRICE AREA Wad 
Minimum Price Area 1. Low - PRICE AREA No.2 COAL 
’ 
(astern Pa.) Dist. $2.3887 36, 541,359 +168 
(Western Pa.) 2.2140 65,299,792 Fie. Coorpination BETWEEN Minimum Price Areas Nos. 1 
Northern W. Va.) 1.8366 21,419,978 1.8644 + .0278 AND 2 
2, 3 32 + .1689 
4 = + between classes of consumers, market areas, and industrially 
River fields of oe : . competitive sections of the eastern United States. 


Va., Vea. ) 


The proposed prices involved consideration of both levels and 


86,694,822 2.0887 + .0586 
differentials, and include all sizes and grades of coals, whether 


267,776,191 2.0843 ~ 044) borne by rail, water, or truck, and for the following uses: 
49,329,641 + .0882 b Industrial 
Price Area 2 average: 1.1622 15,579, 386 1.8320 + .0698 d Water-gas and producer-gas manufacture 
Minimum Price Area 3. e Railroad-locomotive fuel 
Dist. #13 2.4382 12,854,838 f Vessel and bunker fuel. 
Minimum Price Area 4. 
cele.) Dist. 3. 6080 1,813,080 «3.6449 The “minimum-price” fixing procedure has reached a point 
Hinime Price Arve 5. where the Bituminous Coal Division has been able to estimate the 
+4 Cele.) “Dist. 15 2.0392 7,392, 238 2.0501 + .0109 realization anticipated from the proposed minimum prices, based 
on the 1937 tonnage distribution. In some instances, proposed 
iSeutnern cole. 2.7666 tie prices are lower and in others considerably higher than the present 
; - market, with the average realization exceeding that now pre- 
vailing. The anticipated realization, together with the cor- 
responding weighted-average cost for each of the several producing 
65 2.4427 0264 districts and price areas, is included in Table 8 (10). 
316, 683 2.1739 + .0048 
iii an The weighted-average cost of production and corresponding 
Montane 2,888,899 1.5000 realization for minimum-price areas Nos. 1 and 2 (comprising the 
Price - Appalachian and middle-western producing fields, respectively), 
; Weshiggton) Dist. #23 3.2247 2,015, 584 3.2496 + .0249 allowing for subsequent modifications suggested by the Marketing 
5 All Price Areas: 2.0884 408,100, 769 2.0729 ~ .0155 Division, are: 
After recommended Weighted 
q average 
|, Under free and open competition, relative market values in Price cost of Estimated ; 
each market area involved price differentials as to sizes and — production realisation Difference 
qualities for the coals of each producing district and the level of 


w\| |) Prices for that market. 
_Differentials in price are influenced by quality, size, size con- Price area No. 1 underrealizes and price area No. 2 over- 
sist, treatment, use, chemical and physical structure, and the realizes their respective costs of production. However, further 
adaptability of a coal or coals to use, markets, transportation, and approach of realization to cost is difficult in view of the Marketing 
other factors, Division’s desire to coordinate the prices of those coals produced 
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within each of the two price areas where they compete in common 
consuming markets. This may be illustrated diagrammatically 
by Fig. 5, in which is shown the relative weighted-average pro- 
duction costs and anticipated realizations for price areas Nos. 1 
and 2. It so happens that a substantial portion of the tonnage 
of the southern districts of price area No. 1 moves into the 
Middle West in competition with the coals of price area No. 2, 
produced within that consuming area, price area No. 1 coals in 
both domestic and steam sizes generally being superior in value. 

If the relationships between the coals of price areas Nos. 1 and 
2, as determined by the Division, are correct, it is obvious that the 
truly competitive coals from each area must be priced f.o.b. the 
mine to deliver at their proper relative market value. Such 
coordination may be illustrated by the indicated rotation of the 
desired price level or realization lines. The rotation of price 
area No. | line indicates a price decrease for its westbound coals 
and a corresponding increase of the remaining coals moving 
eastbound since, only in this manner or by a decrease in realiza- 
tion (R,), can coordination of price area No. 1 and price area 
No. 2 coals be effected. 

The higher level of prices of those coals of price area No. 2 
which actually compete with the westbound coals of price area 
No. 1 further assist this coordination. However, it is obvious 
that, for each ton priced above cost, there is a corresponding ton 
priced below cost in order that price area No. 2 realization may be 
accomplished. 

Actual anticipated realizations indicate that price area No. 1 
will underrealize and price area No. 2 overrealize its cost. There- 
fore, if the coals of these two price areas have been properly re- 
lated, any further narrowing of the delivered price differentials 
between their competing coals means an abnormal increase in 
price area No. 1 coals moving eastbound or an abnormal lowering 
of prices for the coals of price area No. 2, which are not truly 
competitive with those of price area No. 1. 

Price area No. 2 values cannot approach a point where they are 
considered “dump” prices, and the eastbound coals of price area 
No. 1, in turn, cannot be substantially raised without at once 
throwing an additional abnormal burden upon eastern consum- 
ing markets. This would also result in further discrimination, 
as between the market areas involved and a transfer of the 
burden of realization to an even greater degree than is appropri- 
ate for those coals, principally slacks, moving into market areas 
comprising New England and the eastern seaboard, which have 
no alternative but to take the coals of price area No. 1 or turn to 
competing fuels or forms of energy, such as hydropower, oil, and, 
in some cases, natural gas. Such competition has already re- 
sulted in a substantial increase in the utilization of oil and gas, 
and a decreased use of bituminous coal and anthracite through- 
out the eastern markets. 

If the relationships between the coals of price areas Nos. 1 
and 2, as determined by the Division, are correct, and if a narrow- 
ing of the differentials between the competitive coals of these 
two price areas is attempted in their common consuming markets 
either by lowering the level of realization (R;) of price area No. 1 
or by raising the level of realization (R2) of price area No. 2, then 
the underrealization of price area No. 1 and the overrealization 
of price area No. 2, with respect to their costs of production, are 
aggravated to a still greater degree. 

Distribution figures indicate and market history confirms the 
movement, for steam raising or by-product purposes in compe- 
tition with other price area No. 1 coals, of the bituminous coals 
of eastern Pennsylvania (district No. 1), western Pennsylvania 
(district No. 2), northern West Virginia (district No. 3), and the 
southern low-volatile coals (district No. 7) in substantial quanti- 
ties into New England, New York State, and other portions of 
the Atlantic seaboard as far south as Baltimore and Washington. 
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The southern high-volatile coals of district No. 8 and the low- 
volatile coals of district No. 7, particularly in the double-screened 
or prepared sizes, move westward through the Great Lakes and 
the northwest territory for “alongside” or ‘“ex-dock”’ delivery 
in competition with the coals from Indiana, Illinois, western 
Kentucky, and Iowa (districts Nos. 9, 10, 11, and 12, respectively, 
comprising minimum price area No. 2). Slack coals from dis- 
tricts Nos. 7 and 8 also move into the industrial markets of Ohio, 


Cost PER MILLION Bru 


If the average analyses (4) for the several sizes and grades of 
coal be applied to the delivered prices corresponding to the 
minimum f.o.b. mine prices proposed by the Bituminous Coal 
Division, the fuel cost per million Btu delivered is found to range 
from 9 to 14 cents for the mine run, and 9 to approximately 
13'/; cents for the slack sizes for those destinations and market 
areas located at or close to the producing districts of the Appala- 
chian coal fields. The delivered slack cost for more distantly 
located markets may approach 20 cents per million Btu in the 
eastern markets, 21 cents in the South, 25 and even 30 cents in 
the Northwest for rail movement, and 15 cents for Great Lakes 
destinations and for water-borne fuel. The mine-run figure 
averages 1 to 5 cents higher than for slacks. In any market, 
the differential in unit delivered cost between the high- and the 
low-grade fuels is surprisingly small. 

Transportation appears to affect the unit cost for steam coals 
in eastern markets to a greater degree than in southern markets. 
In the Middle West, rail-transportation charges, both short and 
cross-haul, and those for water-borne fuel, together with the 
physical characteristics of the fuel and its adaptability for long- 
haul movement, evidently combine to make for wide variations 
in cost per million Btu for apparently small change in actual heat 
content of the fuel. 

A comparison of solid, liquid, and gaseous fuels in those 
markets where they are actually available and competitive 
indicates a delivered cost per million Btu of substantially like 
amounts during periods of free and open competition. 


GOVERNMENT REGULATION 


The World-War period, with its abnormal demand for coal for 
the manufacture of steel and munitions, and for industry, fostered 
the opening of many mines and thereby increased the accessible 
supply. The increased fuel prices prevailing during that period 
encouraged more efficient utilization and the use of lower-grade 
and cheaper fuels. These trends continued after the war % 
that the large potential supply of fuel became a serious burden; 
the solid-fuel industry, particularly bituminous coal, became 
demoralized, and the less efficient and higher-cost mines were 
forced out of business. The closing of mines continued, but not 
rapidly enough to prevent further demoralization of the fuel 
industry. Competition was keen and prices were low. Thes 
conditions, together with the realization that (a) the more acce* 
sible eastern coal reserves faced earlier depletion; (b) actual 
fuel recovery warranted substantial improvement; (c) improved 
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working conditions and wages were in order throughout the | 
industry, initiated and encouraged governmental interest (1!) | 
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level to permit increased wages in the northern and southe™ 
fields together with a general unionization of both. The effort 
stabilize conditions within the industry, then begun, has “® 
tinued until the present time. There is now imminent Feder! 
regulation of the industry through the establishment of minimu™ 
prices for bituminous coal throughout the United States * 
prescribed in the Coal Act of 1937 (2). 
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A recognition of the rather limited petroleum reserves, over- 
production of crude oil, and other economic factors has also 
aroused considerable interest on the part of governmental 
agencies in an effort to regulate (12, 13) the supply and stabilize 
prices for both crude and fuel oil and for oil products. 

For similar reasons, attention has been directed to the possible 
control of natural-gas pipe-line installations and a stabilization 
and regulation of prices for both industrial and domestic use. 

At the same time, considerable governmental interest has 
been shown in the development of hydropower and in the compe- 
tition of this form of energy with that generated through steam, 
using solid, liquid, or gaseous fuels. 

Although not generally realized and appreciated, this tendency 
toward governmental regulation of fuel production and price 
appears to be rapidly approaching a concerted effort to formulate 
a directed and coordinated program (11) of governmental super- 
vision and control of all our natural resources, including fuel and 
water power. 

This governmental interest apparently involves control of 
production, allocation of quantity, and source of supply. Its 
purpose, presumably, is that of conserving our natural resources, 
preserving the better grades of fuel and those with limited re- 
serves, and encouraging the use of available lower-grade fuels as 
well as their more efficient production or recovery. 

Anthracite producers’ efforts parallel those to establish mini- 
mum prices for bituminous coal in that field. 


CONCLUSION 


The location of industry with reference to its fuel supply, the 
available competing fuels, and their relative prices in the market, 
improvements in combustion equipment, and the increasing use 
of power, all combine to complicate the problem of purchase and 
efficient utilization of fuel. 

The purchase and use of fuel is in a state of evolution, or flux, 
and the change has been accelerated to a marked degree by 
governmental effort to regulate both supply and price. 

Fuel selection and evaluation is by no means simple. The 
consumer’s efforts may well be directed toward a better under- 
standing of his needs, a consideration of available information, 
and a knowledge of the contemplated conservation measures (11) 
and extensive procedure gradually being evolved for the control 
of both price and supply of our natural resources. A proper in- 
terpretation and appraisal of these several factors is of primary im- 
portance in the satisfactory solution of his fuelpurchase problem. 

Producers have come to realize that the sale of fuel is essentially 
an engineering problem, and that fuel preparation, to meet 
market requirements, is as important as its physical and chemical 
characteristics. Many producers also realize that low rather than 
high minimum prices are preferable, and that the use of low-cost 
fuels will increase to the exclusion of those which may be priced 
higher without possessing a correspondingly greater potential 
heat value. 

There has been suggested a yardstick, or measure, for evaluat- 
ing fuels within and between plants and for various methods of 
conversion. A résumé of the procedure for determining the 
Proposed prices for solid fuels is included, with reference to the 


) Possible effect of governmental regulation. Reference has also 


} been made to the manner of proper fuel selection and the possi- 


bility of cooperation between the combustion-equipment manu- 
facturer and the consumer, in order to make possible a wider 
choice and use of sizes, grades, and kinds of fuel, to the end that 
the consumer may more economically purchase and more ad- 
vantageously utilize available fuels. 

The evaluation of fuels represents: 

1 An integrated opinion of the producers of fuels which 


) enter a common consuming market. 
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2 The relative values of available fuels, as determined by the 
consumer on the basis of conversion in his own plant and equip- 
ment and under conditions which govern his actual power 
production. 


The evaluation by both may vary over a considerable range. 
Nevertheless, the integration of all valuations in each instance, 
measured one against the other, becomes, as it were, a fair 
average value of the proper differentials between the various 
kinds, qualities, and sizes of fuels. The required realization, 
modified as may be by the price for competing fuels, will de- 
termine the final level of prices for a fuel in a common consum- 
ing market. 
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use not included.) 

7 Association of American Railroads, Reports for 1919-1920 
and 1938. Also, Statistics of Railways, Class I—1919-1920 and 
1938, Bureau of Railway Economics, Washington, D. C. 

8 ‘Monthly and Annual Production of Electricity, Ete.” 
(steam), also “Production of Electricity for Public Use’’ (hydro- 
power), U. S. Geological Survey, to and including May, 1936, sub- 
sequently Federal Power Commission, Washington, D. C. 

9 ‘Factors Recommended for Consideration in the Selection of 
Coal”’ (second edition) sponsored by the American Society for Testing 
Materials and published by National Association of Purchasing 
Agents. 

10 Exhibit P-1099 (F. G. Tryon), Bituminous Coal Division, 
Docket No. 15, Washington, D. C. 

11 ‘Energy Resources and National Policy,’’ National Resources 
Committee, Washington, D. C., January, 1939. 

12 Connally Petroleum Act, originally passed U. 8. Congress, 
Senate Bill No. 1190, February 22, 1935; extended Senate Bill No. 
790, June 4, 1937; and again Senate Bill No. 1302, June 29, 1939, 
for three years. 

13. Proposed Cole Petroleum Act, U. S. Congress, H.R. Bill No. 
7372, introduced by Rep. Cole of Maryland, July 26, 1939, a bill to 
provide for cooperation with states to prevent waste of petroleum; 
to create an office of Petroleum Conservator; to amend the Act of 
February 22, 1935, as amended; also, U. 8S. Congress H.R. Resolu- 
tion No. 290, introduced by Rep. Cole of Maryland, August 21, 1939. 


Discussion 


H. K. Dean.® The last few years have brought about several 
changes in fuel-burning equipment and in boiler and furnace 
design. In so far as coal is concerned, progress in burning is 
definitely toward pulverized coal, burned in either slag-tap 
furnaces on the one hand or in dry-ash furnaces on the other. 
There is less tendency to design the intermediate type, many of 
which are still giving considerable trouble. 

A great deal is yet to be learned regarding the characteristics 
of ash, since its behavior is different for different methods of 
burning. The standard ash-fusion-temperature determination 
has, in the past, been given as of a reducing atmosphere and there 
is a difference in the fusing temperature in an oxidizing atmos- 
phere; as much as 400 deg with certain types of coal. 


® Sales Engineer, The Babcock & Wilcox Company, Boston, Mass. 
Mem. A.S.M.E. ‘ 
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A wide range of fuel utilization may be had, particularly in 
burning fuels in suspension. A combination of pulverized coal, 
oil, and gas can be and has been burned successfully in either the 
slag-tap or dry-ash types of pulverized-coal furnace. 

Changes in coal prices and marketing practices may alter the 
natural movement of fuels as it is now known. Therefore, there 
appears to be a greater necessity for full investigation and 
accurate knowledge of the available fuel supply by the pur- 
chaser, the engineer, and the manufacturer. Design char- 
acteristics of steam-generating equipment and over-all economics 
will probably place limitations on fuel purchases for some time 
to come. There will probably always be certain characteristic 
fuels which will give better over-all performance in certain types 
of steam-generating equipment. 


A. W. Tuorson.'* In view of the proposed minimum prices 
for bituminous coal, everyone concerned with the purchase or 
utilization of this type of fuel is vitally interested in and should 
make an exhaustive study of this paper. Very little engineering 
information regarding the method of developing prices has been 
available to date. The paper gives detailed information as to 
the method of studying markets and production costs together 
with the correlation of the two to set up the price schedules. If 
and when these prices become effective, the value of this paper 
will become more and more apparent. 

Has the author prepared a chart similar to that given in Fig. 4, 
but showing delivered prices at the selected destinations rather 
than f.o.b. mine prices? It would appear that such an exhibit 
would be of added value to coal consumers. 


AvUTHOR’s CLOSURE 


Mr. Dean and Mr. Thorson in their discussions have touched 
upon two factors, transportation and conversion, which together 
with the initial fuel cost at its source of supply have a funda- 
mental and important bearing upon available fuels, sources of 
supply, and the markets which they can economically serve. 

As I have indicated, the cost of transporting a ton of bitumi- 
nous coal by rail averaged, for the entire United States, an amount 
equal to or greater than the cost of production. Coal, depending 
upon the mine location and the market destination, may and often 
does move in whole or in part by other competing forms of trans- 
portation, that is, via lake, tidewater, river, and truck. Competi- 
tion between carriers and, what is perhaps even more impor- 


” The Chesapeake and Ohio Railway Company, Detroit, Mich. 
Mem. A.S.M.E. 
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tant, the actual transportation rate itself may have an important _ 
bearing upon the available sources of fuel supply. To a large 
extent the cost of transportation may and does determine the 


producer’s ability to retain or extend his fuel market, and it is not | 
unreasonable to expect that a reduction in transportation cost : : 
might well result in a substantial increase in gross revenue to the _ 


coal carrier. 

The delivered cost per million Btu, other factors being equal, | 
becomes the consumer’s measure of purchased-fuel value, and of | 
this transportation forms a substantial part, in fact in many | 
consuming markets it amounts to several times the actual fuel | 
cost f.o.b. cars at the mine. 

Indications are that in many instances the minimum price: 
now proposed will be revised somewhat in the final price sched. 
ules, and that consideration is being given to the modificatio: 
of transportation rates. For these reasons it would seem mor 
appropriate to defer for the present a graphic illustration of typ- 
cal delivered fuel prices, those in which the consumer is primar) 
interested. 

In the past, steam-generating equipment generally has bee 
geared to the available fuel supply, its characteristics, prices, an: 
marketing practices. Considerable progress has been made, s 
Mr. Dean points out, in widening the range of fuel utilization an: 
particularly where fuels are burned in suspension, both singly an: 
in combination. While it is true that design characteristics 
steam-generating equipment and over-all economics may pls 
limitations on fuel purchases in many cases and for some time : 
come, progress in the design of steam-generating equipment, t» 
technique of fuel burning, equipment maintenance, and ash © 
waste disposal has been sufficiently great in the last few years: 
indicate that steam-generating equipment having a much wide 
range of fuel utilization can now be manufactured and installx — 
with very little additional effort and expense. 

Thus, through improvements in transportation and utilix 
tion of fuel, will the consumer be enabled to take greater adv — 
tage of potential and changing fuel markets and be governed ins — 
purchases to a greater degree by the actual fuel value as mes — 
ured by the delivered cost per million Btu. ; 

The producer, the carrier, the equipment manufacturer, s — 
the consumer, each have a real interest in the contribution of 


others in the fair evaluation, economical purchase, and advants® — 


ous utilization of available fuels. 
The expressed interest of Messrs. Dean and Thorson, as ¥ 


as that of many others, is encouraging and very much appr ~ 


ated. 
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Salt-Velocity Measurements at Low 
Velocities in Pipes 


By LESLIE J. HOOPER,' WORCESTER, MASS. 


This paper describes tests made at the Alden Hydraulic 
Laboratory to determine the performance of the salt- 
velocity method at low velocities. Three series of tests 
were made: the first in a 40-in. pipe, the second in a 12-in. 
vertical pipe in which the test section and its approaches 
could be readily reversed, and the third in a horizontal 2- 
in. pipe. The tests show that for flow in a long straight 
pipe and for velocities lower than those normally found in 
practice, there exists a critical mixing velocity below which 


) good mixing of the injected brine does not occur. An 


analysis of the results indicates some of the factors which 
affect the critical mixing velocity. Finally, it was found 
that the effect of gravity on the accuracy of the method, 
when applied to a vertical pipe, is negligible as long as 
proper mixing is secured. 


HE salt-velocity method of water measurement has been 
primarily used for the measurement of discharge in the 
determination of pump and water-wheel efficiencies. In 
these applications, penstock velocities are usually of the order 
of one pipe diameter per second and no velocity limitations of 
the method were indicated in this experience. The object of this 
study was to investigate the sources of error at low velocities in 


~ the application of the salt-velocity method to long straight pipes. 


DEscrRIPTION OF APPARATUS 
This investigation was conducted at the Alden Hydraulic 


' Assistant Professor of Hydraulic Engineering, Worcester Poly- 
technic Institute. Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Spring Meeting, Worcester, Mass., May 1-3, 1940, of Tue AMERICAN 


Society or MECHANICAL ENGINEERS. 


Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 


Laboratory of the Worcester Polytechnic Institute and the tests 
were made during 1939 and early 1940. 

A straight length of 40-in. pipe was selected for the test section, 
Fig. 1. Four */-in. pop injection valves were located at the in- 
troduction station. The first set of electrodes was located 7.9 ft 
downstream from the pop valves and the second set of electrodes 
located 11.42 ft beyond the first set. The brine was injected under 
30 to 50 lb per sq in. excess pressure, and the discharge of the 
valves was controlled by a quick-acting lever valve in the brine 
supply line. The discharge of the 40-in. pipe passed through a 
36 X 16-in. venturi meter, thence through a 100-hp water 
wheel and, finally, over an 8-ft suppressed weir in the tailrace. 
The venturi meter and the weir were both calibrated just before 
the tests by means of a 50,000-lb weighing tank. 

The pop valves were built up from */,-in. pipe fittings. Each 
valve had a spring-loaded flat disk operating against a stop. 
The valves required a pressure of about 5 Ib per sq in. to open 
them. The excess-brine pressure of 30 to 50 lb per sq in. caused 
all the valves to be operated simultaneously and the spring- 
loaded disks kept brine leakage at a minimum between shots. 

Each electrode in the 40-in. pipe was a grid, consisting of nine 
parallel '/; X 1/:in. steel bars, carried on a wooden stream- 
lined center strut which was fixed across one diameter of the 
penstock, Fig. 1. These steel bars were placed edgewise to the 
flow to reduce their resistance and were arranged on 4 7/,,-in. 
centers across the pipe, with the first and last bars 27/33 in. from 
the pipe wall. The bars were cut so as to leave an end clearance 
of '/, in. The inside walls of all pipes tested were coated with 
insulating paint. Alternate bars were connected together and 
only one pair of leads was brought out from each electrode station. 

In order to determine the effect of gravity on the heavier salt 
solution when injected into a pipe line, the apparatus which is 
illustrated in Fig. 2 was installed. The 12-in. vertical pipe with its 
test section and approaches was so arranged that it could be turned 
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end for end, thus reversing the effect of gravity on the flow. 


The four pop valves were located 18 in. from the flange of the 
upstream elbow and the electrodes were located 3 ft 7 in. and 
18 ft 7 in., respectively, from the pop valves. These injection 
valves were built of '/,-in. pipe fittings in the same manner as 
the #/in. valves described. The electrodes consisted of two 
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Fie. 3 Pop VaLves AND ELECTRODE FOR 12-IN. 


pieces of '/;-in. mesh galvanized-iron screen wire held between 
flanges and separated axially from each other */, in. The pop 
valves and electrodes are shown in Fig. 3. The discharge from 
the 12-in. pipe was measured directly in a 50,000-lb weighing tank. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1940 


The test section in the 2-in. line was located in a straight length 
of standard pipe. The brine was injected through a '/,-in. flush 
nipple located 4.61 ft downstream from a right-angle elbow. 
The distance from the introduction station to the first electrode 
was 2.39 ft and to the second electrode 10.48 ft. The electrodes 
consisted of '/;-in. mesh galvanized-iron screen wire similar to 
that used in the 12-in. pipe, except that the distance of separa- 
tion was '/sin. The discharge was measured in a 600-lb weighing 
tank. A Bristol 5-amp strip-chart ammeter was used to record the 
passage of the salt solution through the electrodes in the 40-in. 
and 12-in. line tests. A General Electric strip-chart recording poly- 
phase wattmeter was used in the 2-in. line tests. The power supply 
for the electrode circuits was taken from a variable-voltage trans- 
former. The electrodes were connected in parallel to the 
transformer with the recording instrument located in series in 
the common lead. A time record was made on the recording chart 
by a chronographic pen actuated from a calibrated timer. 

The brine used in these tests was mixed to various specific 
gravities as determined by means of hydrometers. For most of 
the tests, solutions of common salt were used but dilute hydro- 
chloric acid was used for the 1.02 specific-gravity tests in the 12- 
in. line. A hand force pump was used to inject the brine in the 
12-in. and 2-in. pipe tests. The acid solution was injected under 
air pressure with the pop-valve operation controlled by a quick- 
acting valve. 

The volume between the planes of the electrodes was de- 
termined by actual measurement of the diameter and length in 
the 40-in. pipe. Four diameter readings were taken at every foot 
along the test section together with 18 measurements of its 
length. From these measurements the test volume was com- 
puted. 

In the 2-in. and 12-in. lines, the test section was blanked off and 
filled with water, which was then drained into a weighing tank. 
This measurement was repeated 8 times and the test volume was 
computed from the average weight and density of the water. 


PROCEDURE 


The procedure was essentially the same for all of the tests. 
The discharge was adjusted to a desired value and from 5 to 10 
min were allowed to elapse to secure steady flow conditions. 
Then from 5 to 15 salt shots were recorded at the same time that 
the discharge was being measured by the check method. For the 
40-in. line the venturi deflection and the head on the weir were 
read at intervals during each test. For the 2-in. and 12-in. lines, 
the discharge was measured with the weighing tank. 


CALCULATIONS 


The passage time for a salt shot was taken as the time in seconds 
between the centers of gravity of the two electrode curves. The 
volume of the pipe between the planes of the two electrodes di- 
vided by the average passage time of all the salt shots in a run 
gave the salt-velocity discharge. 

The true discharge was that measured by the weighing tank 
for the 2-in. and 12-in. pipe tests or the average of the venturi 
and weir discharges for the 40-in. line test. 

The difference between the true discharge and that of the salt- 
velocity measurement, expressed in per cent of the true discharge, 
was termed the error of the salt-velocity measurement. 

The mean velocity was found by dividing the true discharge 
by the area of the pipe. 


REsvuLts OF TESTS 


The results of these tests are shown in tabular and plotted form. 
In a long pipe, where the normal flow pattern has been estab- 
lished, it is impracticable to introduce the salt solution uniformly 
by means of pop valves or any other known arrangement. In 
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E TABLE 1 LOW-VELOCITY TESTS IN 40-IN. PENSTOCK TABLE 3 RESULTS OF TESTS IN 2-IN. HORIZONTAL PIPE 
; Salt Error Weighing Tank Salt Velocity 
Run Test Passage Velocity True in Mean Run Wet Net True Passage Mean 
No. Volume Time Discharge Discharge 8.V. Velocity No. Weight Time Dischg. Volume Time Dischg. Error Velocity 
cu.ft. sec. c.f.s. Cole. < ft/sec lbs. sec. ofs ou.ft. sec. cfs ft/sec 
1 100.3 9.521 10.53 10.63 0.0 1.20 Brine Specific Gravity 1.20 Downward Plow 
° 100.3 6.003 16.71 16.74 0.2 1.91 1 10500 2825 -0597 12.04 173.6 0694 16.2 0.076 
3 100.3 2.811 35.68 35.70 0.05 4.06 2 32000 723.9 .710 17.09 705 0.7 0.895 
100.3 42.9 2.338 2.529 0.288 3 11000 449.5 30.30 .397 1.0 0.495 
| 5 100.3 18.36 5.463 5.488 -0.5 0.688 4 12000 1849 1042 113.3 1063 +2.0 0.152 
8000 2433.7 .052 . . 
100.5 101.6 0.987 1.2635 +-23.1 0.146 
. 6 20000 212.1 1.514 12.04 7.925 1.519 +0.5 909 
8 100.3 94.8 1.058 1.182 -10.4 0.135 ae - 
7 18000 244.7 1.181 10.19 1.182 +0.1 1.490 
9 100.5 5.025 19.97 19.98 2.27 
8 22000 373.2 .947 12.76 -0.3 1.195 a 
10 100.5 2.740 36.61 36.50 +0.5 4.16 
9 17000 428.7 .637 19.14 .629 -1.3 0.803 ‘4 
1 100.3 9.110 11.01 11.03 -0.2 1.255 . 
10 28000 165.3 2.720 4.415 2,727 +0.35 3,450 
ll 22000 946.9 .373 34.34 2351 -5.9 0.470 
Water Temperature - 55°F. 12 18600 1464.2 .201 12,06 70.4 .171 -14.9 0.255 
Specific Weight of Water - 62.42 lbs. per oubic ft. Brine Specific Gravity 1.10 Decwaré Flew 
13 23000 155.7 2.372 12.04 §.078 2,571 0.0 2.990 


TABLE 2 RESULTS OF TESTS IN 12-IN. VERTICAL PIPE 


14 23000 220.8 1.675 7.20 1.672 -0O.1 2.110 
Je Velo 
True Serer keen 15 22000 324.3 1.089 11.14 1.081 -0.7 1.370 
Oe te ischer, ime Vel. 
lds. seo. lbvs/sec. 16 15000 441.0 .546 22.04 +546 0.0 0.688 
17 9000 644.0 ,.224 52.2 +3.1 0.2862 
Brine Specific Gravity 1.10 
1 602.8 £620 2.209 17.378 7.877 2.292 18 12100 2400.0 .0809 12.04 133.6 -0901 +11.3 0.102 
2 502.2 33403 1.502 17.373 11.55 1.504 1.247 
3 451.9 379.8 21.190 17.373 14.56 1.193 +.25 0.990 Upward Flow 
4 291.2 382.0 0.762 17.373 0.689 0.633 
S$ 401.7 432.9 0.038 17.373 19.83 0.890 -4.10 0.769 19 27000 164.922.629 12.04 4.604 2.615 -0.5 3.31 
Brine Specific Grevity 1263 20 24000 191.8 2.009 5.97 2.017 +0.4 2.53 
7 $82.3 256.2 2.186 17.373 8.060 2.156 0 1.797 21 27000 300.2 1.444 8.40 1.433 -0.8 1.82 
10 401.7 0.723 174373 0.723 0.603 22 1 287.1 1.007 12.10 le 0.5 1.27 
0.39 17. 250 0.331 0.325 
493.3 0.623 17.373 27.93 0.622 -0.2 0-819 23 16000 456.7 .565 22,06 .846 -3.0 0.71 
402.7 664.3 0.608 17.373 28.72 0.605 0.504 
140 326.4 0.530 17.373 33.20 0.523 -1.3 0.442 24 12500 986.6 .203 12.04 65.35 0.256 
| 15 381.5 820.5 0.428 17.373 44.50 0.390 -8.9 0.357 
.] 16 276.2 886.9 0.470 17.375 37.60 0.462 -1.8 0.392 Acid Specific Gravity 1.020 Downward Flow 
25 13000 163.2 1.279 12.04 9.304 1.204 +1.2 1.615 
i Specific Weight of Water 62.42 lbs. per cubie foote 26 15009 331.1 0.728 16.56 0.727 -0.1 0.917 
_ 27 8000 335.0 0.384 30.76 0.301 +1.8 0.484 


this case, the turbulence existing in the pipe is relied upon to 


| secure uniform mixing of the salt solution with the flowing water 78 8000-6178 0.208 58.18 0.816 +2.9 0.262 
__ before the first electrode station is reached. With this in mind 29 6800 1017.4 0.107 99.10 0.121 +13.1 0.155 
_ it might be supposed that good mixing would be secured as long 30 7100 1913 0.0596 174.6 0.0690 +15.8 0.075 
| as the flow in the pipe was in the turbulent range, as indicated 5990-7982 0.0140 827 00146 + 4.3 0.018 
by a Reynolds number of 2500 or more. However, it has been wae 2am 
_ found by von K4érmén and others that the turbulence existing 
' _ ina pipe may be materially reduced by the presence of an un- ae 
mixed solution either heavier or lighter than water. 33 28000 166.1 2.707 12.04 4.452 2,704. -0.1 35.410 
. To visualize this phenomenon, let us assume the worst case 34 20000 156.2 2,056 5.80 2.076 +1.0 2.590 
_- where a lighter liquid is overlying a heavier liquid and they are 36 19000 204.4 1.498 8.02 1.501 40.5 1.883 
both traveling along a horizontal pipe together. For the present we «ee 
_ discussion, chemical or molecular diffusion may be neglected, 
_ Since these diffusion velocities are negligible when compared to *” (0.088 
_ ordinary mixing velocities. If the two liquids are to be mixed, 38 19500 1458.8 0.218 55.92 0.215 1.4 0.275 
m 3 part of the light liquid must move down into the heavier liquid 39 12300 1462.8 0.1350 90.1 0.1336  -1.0 0.170 
and a corresponding amount of the heavy liquid must be moved 40-7800 0.0015 130.7 0.00821 0.118 


upward. Then work is done in submerging particles of light 
fluid in the heavier fluid and also in lifting the heavy particles into 
the lighter fluid. Clearly, in the example selected, the axial Specific Weight of Water 62.27 lbs. per cubic ft. 
component of the fluid velocity has no effect upon the mixing Water Temperature 75.4°P. 


41 S200 1378.7 0.0606 12.04 196.7 0.0612 +1.0 0.764 
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Fie. 4 Test Resuits Horizontau Pipes 
(A, 40-in. pipe, brine specific gravity = 1.06; 
B, 2-in. pipe, brine specific gravity = 1.01; 
C, 2-in. pipe, brine specific gravity = 1.1.) 


process and only the radial velocity components are effective in 
promoting mixture of the two liquids. It naturally follows 
that the work of mixing the two liquids is accomplished at 
the expense of the energy available in the radial components 
of flow. If the work required for mixing is less than the amount of 
energy available, then the mixing process goes forward rapidly. 
On the other hand, if the work required for mixing is greater than 
the turbulent energy present, the process continues until the 
energy available is used up and then, having reduced the cross- 
flow, the mixing process is checked. Thus, in this second case, 
the presence of the heavier liquid tends to smother the crossflow 
in the pipe. 

In the example selected, the mixing was accomplished by the 
radial components of flow but, in the more general case where 
there is a small isolated mass of heavier liquid, mixing can take 
place in all directions and it is more correct to say that the mix- 
ing process depends upon the energy available in the fluctuating 
components of the velocity. 

From the foregoing, it would be expected that the change from 
good to poor mixing conditions would take place rapidly. That 
is, as soon as the heavier liquid starts mixing, its specific gravity is 
reduced so that the process continues more easily. However, 
if the heavier liquid is not diluted, it continues to smother the 
fluctuating component of flow. 

The work of mixing is accomplished at the expense of the 
energy in the fluctuating component. The size of the average 
fluctuating component is usually expressed as a percentage of the 
average forward velocity and this is called percentage of tur- 
bulence. For instance, 10 per cent turbulence means that the 
average fluctuating component is '/,. of the average forward 
velocity at that point. Returning to the mixing process, when 
a given shot of salt solution is injected into a pipe, a certain 
amount of energy is required for mixing. Since the energy avail- 
able for mixing varies as the cube of the fluctuating component 
and the fluctuating component is proportionai to the forward 
velocity in a given pipe, it follows that the energy available for 
mixing varies as the cube of the forward velocity. Thus a small 
change in the forward velocity results in a large change in the en- 
ergy available for mixing and it would be expected that the 
change from good to poor mixing conditions would take place 
suddenly. The test results show this to be true. The curves in 
Fig. 4 show small experimental or casual errors at high velocities 
which continue unchanged to some definite low velocity. Then 
there is a “break” in the error curve showing a sudden departure 
from the purely experimental type of error. The value of the 


velocity at the break in the error curve, which is the velocity re- 
quired for good mixing, is termed the “critical mixing velocity.” 


FurtTHER Tests WitH BRINE AND HyDROCHLORIC-ACID 
SoLuUTIONS 


When brine is injected into water, the excess weight of the 
brine is proportional to the difference of the specific gravities 
of the brine and the water. Thus, brine of 1.10 specific gravity 
has 10 times more weight in water than brine of 1.01 specific 
gravity. The term “specific gravity minus one’’ is called the 
effective specific gravity during the remainder of this discussion. 

Tests were then made to determine experimentally the effect 
of a change in the specific gravity of the injected brine upon the 
critical mixing velocity. This was done first in the 12-in. pipe 
and, subsequently, in the 2-in. pipe. In the 12-in. pipe test, 
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brine of 1.2 and 1.1 specific gravity and dilute hydrochloric acid 
of 1.02 specific gravity were used. The results of the first two 
tests came out so close together that a single curve represents 
their average, Fig. 5. The test with the dilute acid, Fig. 6, in- 
dicated that the solution was mixed at a lower velocity in the case 
of upward flow but there was little change with the downward 
flow. Furthermore, these test points show much more scatter 
than in any of the other tests with brine. It was believed that the 
acid probably produced secondary chemical and, therefore, elec- 
trical effects at the electrodes which were zinc-covered, with the 
consequence that the results were not as reliable as the tests made 
with brine. 

The results of tests with brines of 1.01 and 1.1 specific gravity 
are shown in Fig. 4. Selecting an arbitrary error of —'/; per cent 
in the salt-velocity measurement, a velocity of about 0.94 fps is 
found with brine of 1.1 specific gravity and about 0.45 fps with 
brine of 1.01 specific gravity. These results are in substantial 
agreement with the mixing theory stated. On the one hand, the 
work done varies directly with the “effective specific gravity” of 
the solution being mixed, while on the other, the energy passing 
through a unit area in the pipe cross section varies as the cube 
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of the velocity. If the turbulent energy required is reduced to 
‘/ of its previous value, the pipe velocity required to produce 
this energy is only reduced by (0.1)'/* or 0.465 of its previous 
value. This is practically the change in the critical mixing 
velocity found in the 2-in. line tests with a 10:1 change in the 
“effective specific gravity” of the injected salt solution. 

The total work done in mixing is also proportional to the 
quantity of brine injected into a given volume of water flowing 
in a pipe. The power required for commercial recording instru- 
ments makes it difficult to secure sufficient electrode effect in 
small pipes and thus the quantity of brine is usually increased 
80 that suitable curves will be obtained on the recording chart. 
For instance, in the 2-in. line tests with the weak brine of 1.01 
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specific gravity, the ratio of the brine to the discharge was nearly 
20 times greater than in larger pipes. Therefore, the critical mix- 
ing velocities found in the 2-in. line tests are greater than those 
necessary in larger pipes with the same flow condition. 

The laboratory tests do not indicate directly the effect of wall 
roughness upon the critical mixing velocity but an idea of its in- 
fluence may be obtained from theoretical considerations. The 
previous discussion indicates that a definite value of the average 
fluctuating component was necessary to produce satisfactory 
mixing for a given flow condition. This value of the fluctuating 
component may be obtained with a low percentage of turbulence 
and a high forward velocity or with a high percentage of turbu- 
lence and a correspondingly lower forward velocity. The present 
theory of turbulence indicates that the percentage of turbulence 
at a point in a pipe is proportional to the wall roughness. There- 
fore, the greater the pipe roughness, the lower the pipe velocity 
necessary to provide good mixing. 


Errect or Gravity Upon INJEcTED BRINE SOLUTIONS 


The effect of the force of gravity upon the injected brine or the 
tendency of the brine to sink through vertically flowing water was 
studied in the 12-in. pipe tests. At very low velocities when 
proper mixing is not secured, the errors in the salt-velocity meas- 
urements indicate that the unmixed brine masses tend to slip 
through the flowing water under the influence of gravity. That is, 
when the flow is upward, the salt masses travel more slowly 
than the main body of water, resulting in a longer passage time 
and an indicated discharge which is too small. With downward 
flow, the brine tends to slip along faster than the water with a 
resulting discharge which is too large. But a study of the curves, 
Fig. 5, will show that, when there is proper mixing of the brine, 
there is no systematic error of the salt-velocity measurements. 
The importance of this fact cannot be overemphasized. 

The test curves made with brine of 1.1 and 1.2 specific gravity 
in the 12-in. vertical pipe are not symmetrical with respect to 
the axis of zero error, the upward-flow tests showing a higher 
critical mixing velocity than the downward-flow tests. It is 
probable that, in the case of downward flow, the force of gravity, 
acting upon the unmixed brine masses, tends to give them a 
slightly increased velocity. This energy is dissipated in eddies 
and, hence, promotes the mixing process. Conversely, with up- 
ward flow, more energy must be supplied from the water flowing 
in the pipe to lift the unmixed brine in addition to mixing it. 


AppLyING SALT-VELOcITY METHOD IN WATER-WHEEL INTAKE 


In this discussion of tests at low velocities with the salt- 
velocity method, only the application of the method to a long 
straight pipe has been considered. This assumes that normal 
pipe flow exists at the point where the brine is injected and con- 
tinues through the measuring section. It might be inferred from 
these tests that it would be impossible to apply the salt-velocity 
method in the intake of a large water wheel where pipe flow 
does not exist and, hence, where turbulence due to upstream wall 
roughness is lacking. But there are two very important differ- 
ences to be taken into account when considering flow into an in- 
take. Since pipe flow has not yet started, all of the water is mov- 
ing forward with very nearly uniform velocity and, hence, the 
nonuniform distribution of the brine, as it leaves the pop valves, 
causes an insignificant timing error. On the other hand, tur- 
bulence is probably considerably greater than would normally 
be found at the entrance to a pipe due to the disturbing influence 
of the racks which are always present in a water-wheel installa- 
tion. During 20 years of experience with this method, a large 
number of intake-test installations have been made. In not one 
of these instances was there any evidence of a lack of proper 
mixing of the brine, although in some cases the water velocity at 
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the injection station was below that indicated in these tests as 
being necessary for proper mixing. Thus, it is believed that the 
factors concerning the critical mixing velocity which have been 
discussed only apply to the measurement of flow in long straight 
pipes with very low velocities. 


SUMMARY 


The following conclusions may be drawn from these salt- 
velocity measurements at low pipe velocities: 

1 The low-velocity effects diseussed in this paper are found 
at velocities below those normally encountered in practice. 

2 The critical mixing velocity is a very definite limiting 
velocity below which proper mixing of the injected brine is not 
secured. 

3 The force of gravity does not have any influence upon the 
accuracy of the salt-velocity measurement as long as the injected 
brine is readily mixed with the water flowing in the pipe. 
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Discussion 


D. P. Barnes.? Referring to this and the paper® by O. H. 
Dodkin, it is begining to be recognized that, for the salt-velocity 
method to yield ideally correct results, it would be necessary 
that all the small elementary volumes of salt solution spend 
statistically equal periods of time in each of the different velocity 
zones from the center line to the outer radius in passing between 
electrode stations. This is to say that turbulent mixing should 
be continuous and complete transversely across the pipe through- 
out the passage. Any deviation from this continuous symmetry 
and uniformity of mixing would mean that part of the salt cloud 
must lag behind the mean flow, the center of gravity of the salt 
cloud, therefore, with it. 

The natural tendency of a dense solution to settle downward 
and to underflow a lighter liquid as an integral body is now a well- 
established experimental fact. In the salt-velocity test, if this 
tendency is not completely countered by the turbulent mixing, it 
would be expected that in time the salt cloud would become pro- 
gressively less symmetrical or less uniform with respect to the 
pipe. 

In a sloping pipe, the effect of the tendency for the denser 


? California Institute of Technology, Pasadena, Calif. 

3 This is a joint discussion of the L. J. Hooper paper, and the paper 
“Field Checks of the Salt-Velocity Method,” by O. H. Dodkin, pub- 
lished on page 663 of this issue of the Transactions. 
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liquid to assume an asymmetrical distribution is compounded 
with the effect of the component of underflow in the downhill di- 
rection. In any case the asymmetry or nonuniformity alone 
would tend to produce a velocity reading smaller than the true 
mean, and this effect would be increased in the case of pumps with 
uphill flow or decreased in the case of turbines with downhill flow 
by the downhill component of the underflow. 

The numerous field checks would appear to establish that the 
errors introduced by these tendencies are slight and, that where 
the method is used with full recognition of the possible sources of 
error and where a proper allowance is made for them, the results 
may be supposed accurate within perhaps 0.5 per cent, at least 
for downhill flow. This is a view to be accepted with caution, 
however, for bends, obstructions, steep slopes, low velocities, or 
abnormal velocity distributions in the penstocks must continue 
to introduce uncertainties wherever their effects are not subject 
to calibration. It would seem that each proposed application of 
the method should therefore be considered largely on its own 
merits, 


ANDREW Fever‘ J. W. During the last few years, 
it has become more and more desirable to determine large rates of 
flow with great accuracy. In the case of large-scale field tests the 
salt-velocity method has been found particularly suited for such 
measurements because of its simplicity and convenience in appli- 
cation. Very little is known, however, about the performance of 
the method at low velocities, and this paper furnishes useful ex- 
perimental information in that range. 

In connection with investigations conducted at the hydraulic- 
machinery laboratory of the California Institute of Technology 
on the design, operation, and testing of large-capacity pumps and 
especially in connection with the question of extrapolation of 
model results to prototype results, it has been of considerable in- 
terest for the Institute to subject the salt-velocity method to ex- 
perimental study. The experimentation was assigned to the 
writers, who present the following summary of results with the 
approval of the laboratory directors. 


EXPERIMENTAL WorRK 


Following Dr. von Kaérman’s suggestion that a salt cloud would 
tend to settle downward in water due to its higher density when- 
ever the turbulent forces were inadequate to keep the cloud in 
suspension, it was decided to obtain qualitative information about 
shape and character of salt clouds under different flow conditions. 
The tests undertaken were made in a straight, transparent, 
lucite pipe 20 ft long and 5'/, in. inside diam, mounted in such 4 
way that it was possible to change its inclination from 0 to 13 deg. 
Solutions of sodium nitrate deeply colored with potassium per- 
manganate were injected into the flow through pop valves under 
compressed-air pressure, and visual, photographic and cinemato- 
graphic observations of the behavior of the cloud on its path 
through the pipe were made. Two types of injection nozzles 
were used, i.e., a single central pop valve in the pipe axis and 4 
combination of six pop valves distributed uniformly over the 
cross section. Solutions of five different densities (1.2, 1.15, 1.10, 
1.05, 1.025) were injected into flows of velocities, covering a range 
of 0.1 to 1.5 fps. This range corresponds to a range of 0.5 to 7.5 
fps for geometrically similar flow in a pipe 10 ft in diam. 


Discussion OF RESULTS 


It was found that the salt cloud retained its symmetrical shape 
only at considerable flow velocities. This can happen only if the 


4 Research Assistant, Hydraulic Machinery Laboratory, California 
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Fig. 10 Croup; Speciric Gravity oF Brine 1.15; MEAN VELocITy oF FLow 1.1 Fes; FroupE NuMBER 0.55 


energy of turbulent fluctuation is sufficient to overcome the dif- 
ferential-gravity forces. It may be considered that for a given 
setup the scale of the turbulence is independent of the rate of 
flow, while the magnitude of the turbulent-velocity fluctuations 
is proportional to the mean velocity of flow. This means that 
the energy of the turbulent fluctuations is proportional to the 
square of the velocity of flow. For this assumption, the ratio 
between the energy of turbulence and the work done by differen- 
tial gravity forces may be expressed by a dimensionless quantity 
which contains in the numerator the square of the mean velocity 
and in the denominator the product of the effective gravity and 
a linear dimension of the setup (say the diameter of the pipe). 
This quantity, which has the form of a Froude number for a par- 
ticular setup, is written 


Where » = mean velocity in fps; D = diam of pipe in ft; g = 
acceleration of gravity in fps?; p2 = mass density of cloud; »: = 


= effective gravity. 


mass density of water; and product g 


The value of the ratio at which the symmetrical form breaks 
down can be considered as the critical Froude number. When- 


ever the density of the injected solution is increased or the ve- 
locity of flow decreased so that the Froude number is smaller 
than the critical, a secondary or density-flow current is set up, 
the cloud sinks to the bottom of the pipe, and the assumption 
of the salt-velocity method that the average velocity of flow equals 
the average velocity of the cloud is no longer valid. Figs. 7 to 10 
of this discussion*® show typical salt clouds within a range of 
Froude numbers from 0.03 to 0.68. Figs. 8 and 10 show clouds 
corresponding to the critical Froude number which was found to 
be reasonably constant over the range of velocities and densities 
considered. For tests with the single nozzle Feri: = 0.7, and 
with the multiple nozzle Fait = 0.56. The difference is due to 
the range in the scale of turbulence caused by the change in the 
geometry of the flow. 


REMARKS ON THE FROUDE NUMBER 


The Froude number just discussed should express the ratio of 
the inertia forces to the effective gravity forces acting on the 
cloud shortly after the effects of the injection have disappeared. 
As stated, the term p2 should be the actual “‘initial cloud density.” 
For practical use of the Froude-number criterion, it is necessary 


6 Figs. 7(a) to 10(a) show the clouds immediately after the injec- 
tion, while Figs. 7(b) to 10(0) illustrate the same clouds some distance 
downstream. The numbers give the traveled distance from the in- 
jection nozzle in pipe diameters. 


‘ 
Fig. 7 Speciric Gravity or Brine 1.025; Mean Ve ocity or Fiow 0.1 Fes; Froupe NumBer 0.03 
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Fie. 8 Coup; Srectric Gravity or Brine 1.025; Mean Vetocity or Fiow 0.5 Fes; Froupe Numser 0.68 
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to correlate this initial density with the known density of the in- 
jected brine. Two simple assumptions can be considered as 
limiting cases: 

1 The brine suffers no volume change between the instant of 
injection and the formation of the cloud; and 

2 The injected brine is distributed immediately with a rate of 
dilution proportional to the velocity of flow. 


As Figs. 7(a) to 10(a) indicate, the volume of the brine cloud does 
increase immediately after injection. On the other hand, the 
second assumption is not strictly valid. Rough measurements 
from photographic records show a definite tendency of the cloud 
size to decrease with increasing velocity of the main flow. This 
apparently is due to the fact that the penetration of the brine in 
the lateral direction decreases with increasing velocity. For 
high velocities, the cloud has an elongated shape with a small di- 
ameter while for small velocities the cloud has a large diameter 
even though of short axial length. It appears to the observer 
that because of these facts the two effects approximately balance 
each other. Consequently, the assumption of a constant “initial 
cloud size” seems reasonably justified. Since the density of the 
brine solution as injected is proportional to the “‘initial cloud 
density” for a constant injected volume and a constant initial 
cloud size, it was introduced into the expression for the Froude 
number. 

It should be noted that the critical Froude number is not nec- 
essarily the same for different setups. The intensity and scale 
of turbulence can be different for various setups even in the case 
of geometric similarity. The type of the injection nozzles, the 
size of the injected volume, and the pressure used for the injection 
affect the initial cloud size. However, the experimental results 
mentioned show that, for a fairly wide range of injection condi- 
tions, the values of Ferit vary between narrow limits. 


CONCLUSIONS 


Both the author’s work and the experiments noted in this dis- 
cussion appear to indicate conclusively that salt clouds, as used in 
the salt-velocity method for rate-of-flow measurements, sink by 
virtue of the differential gravity forces into regions of lower ve- 
locities whenever the rate of flow and therewith the turbulent 
forces decrease beyond a certain minimum value. Below this 
velocity, which appears to be mainly dependent upon the Froude 
number of the test, it cannot be assumed that the cloud indicates 
the average velocity of flow. 

It would be interesting to combine the author’s method with 
the type of attack herein mentioned to determine whether the 
breakdown of the method, as shown by his experiments, coincides 
with the “critical Froude number” or whether additional sources 
of error counteract or accentuate the effect of the density currents. 


R. T. Knapp.’ These first published results on one of the aux- 
iliary phenomena accompanying the salt-velocity method of water 
measurement are of value, especially, since it is possible that the 
effects of the density difference between the salt cloud and the 
water may form one of the basic limitations on the accuracy of 
the method. 

The writer considers it rather unfortunate that the author re- 
stricted his measurements to horizontal and vertical pipes. The 
vertical pipe is not a typical case, since it represents a condition 
of equilibrium between the two fluids. It is true that this equilib- 
rium is unstable, but it is probably very effective in the short time 
interval which exists in a salt-velocity measurement. Indeed, the 
existence of this equilibrium has been utilized by some Swedish 
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investigators* in the development of a sedimentation type of 
particle-size analyzer in which a high-density suspension is sup- 
erimposed upon a body of lower-density liquid. Thus, it seems 
that it would be unsafe to consider a vertical pipe as an extreme 
case of an inclined one and to use the results from the vertical 
flows to predict what would happen in the inclined pipe. 

It should be remembered that the effect to be anticipated, as 
the result of the difference in density of the two flows, is basically 
a lateral one and not an axial one. In the horizontal or inclined 
pipe, the salt cloud tends to settle toward the lower side of the 
pipe, thus effectively lowering the average velocity of the solu- 
tion. Of course, in the inclined pipe, there will be an axial com- 
ponent as well, which will tend to increase or decrease the ve- 
locity, depending upon the direction of flow. However, this 
axial component is probably of secondary importance. 

In conclusion, the writer feels that this phenomenon is a very 
important one and hopes that the present paper represents only 
the beginning of the author’s investigations on the subject. 


M. A. Mason.® The suggestion that the possibilities and ap- 
‘plicability of the Allen method might be defined by criteria re- 
lating the physical and hydraulic characteristics of a proposed 
test section’ has been applied to pipe flow by the author, and it 
seems that at last the Allen method may be thoroughly studied 
in a logical manner, looking to the complete definition of its place 
in the art of water measurement. 

The writer would, however, disagree with the author’s choice of 
a criterion for good mixing. It is not believed that the ‘critical 
mixing velocity” is a sufficient definition of the hydraulic charac- 
teristics of a waterway to permit its use as a criterion of the mix- 
ing conditions in the test section. A moment’s thought will show 
that, for a particular system in which normal pipe flow has been 
established, a critical velocity can be found which defines the 
mixing ability of.the flow under the conditions existing. How- 


“ever, as stated by the author, “the percentage of turbulence at a 


point in a pipe is proportional to the wall roughness. Therefore, 
the greater the pipe roughness the lower the pipe velocity neces- 
sary to provide good mixing.” It follows that the mean velocity 
of flow is not a satisfactory criterion of mixing, except for speci- 
fied conditions which, in general, will apply only to the system 
used to evaluate the criterion. 

A more important objection to the use of a velocity parameter 
as a eriterion lies in the omission of a time element defining the 
period during which mixing is accomplished. To be of value in 
the application of the method, the mixing criterion must define, 
for a standard injection procedure, the minimum distance along 
the waterway required for the complete mixing of injected solu- 
tion and water. Obviously the proposed velocity criterion does 
not furnish such information and, in fact, defines only the mixing 
ability of a flow under certain unique conditions. 

From consideration of the mechanism of mixing and the char- 
acter of turbulent flow, one may specify the probable components 
of a general criterion of mixing. The percentage of turbulence, 
i.e., the proportion of the forward velocity of flow present 8 
fluctuating turbulence velocities in the flow, defines the ability 
of the stream to transport solution from the point of injection to 
other points in a cross section. If the turbulence is isotropic, 
then the percentage of turbulence is therefore a measure of the 


8 ‘*Measurement and Significance of Grain Size Distribution of 
Cement Particles,’’ by D. Werner and 8. Hedstrom, Zement, vol. 17, 
part 1, June 28, 1928, pp. 1002-1005; part 2, July 12, 1928, pp- 
1071-1076. 

® Engineer, Beach Erosion Board, War Department, Washington, 
D.C. Jun. A.S.M.E. 

© “Contribution & l'étude de la mesure des débits d’eau par 
méthode Allen,” by M. A. Mason, Revue générale de l’ Hydrauliqué, 
no. 28, July-Aug., 1939. 
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rate of diffusion of the solution throughout a cross section due to 
turbulent mixing. The percentage of turbulence is certainly 
one of the components of the criterion, and includes not only the 
velocity, but also the roughness characteristics of the waterway. 

Obviously, a size factor of the conduit must also be included 
in the criterion; for a closed channel the area, and for an open 
channel, either the wetted area or the hydraulic radius might be 
considered. 

A third factor, time, must be included. Considering percent- 
age turbulence as a measure of the spatial rate of transport of 
solution throughout the water, it is evident that a certain time 
must elapse for the transport of a salt particle from, say, the cen- 
ter of the conduit to the wall, or vice versa. The time factor 
might then be expressed as the ratio of water depth or pipe di- 
ameter to the radial component of the turbulence fluctuations. 
The fractional portion of the linear dimension to be employed in 
this expression will, of course, depend upon the injection pattern. 

If a standard pattern of injection can be adopted the influence 
of injection procedure may be eliminated, and more important, 
the time factor may be very considerably reduced by the use of 
a well-distributed injection pattern. 

Assuming the foregoing analysis to be applicable and letting u, 
be the mean turbulence fluctuation; A the cross-sectional area 
of the channel; and 7’ the time factor; the form of the mixing 
criterion might be 


having the dimensions L' of a volume. 

Because of the practical difficulty of measuring u,, it may be 
desirable to substitute for u, the expression" ly, where I is the 
Prandtl mixing length, and » is the kinematic viscosity of the 
water. Experiment alone will determine the most satisfactory 
term to be used as a measure of the turbulent diffusion, the sug- 
gestions given herein being intended principally to indicate the 
nature of the term. 

The results of the author’s tests to determine the effect of 
gravity on the operation of the salt-velocity method are a further 
corroboration of the writer’s thesis! that turbulence in the stream 
is the chief factor governing the accuracy of the method. 


E. A. Taytor.'? The author has described a study which 
gives a laboratory answer to a salt-velocity question which has 
arisen several times in the field. This question was: “When salt 
is introduced into a penstock does the higher specific gravity of 
the salt solution drive the salt through the water and toward the 
bottom of the penstock, thus changing the time of passage of the 
salt solution through the test section, and introducing an error 
in salt-velocity measurements?” 

At many of the high-head power plants, where salt-velocity 
tests have been made, the penstocks have very steep slopes and, 
at some of them, the penstocks approach the vertical for consid- 
erable distances. If this difference in the specific-gravity ques- 
tion were important, then the computations for turbine efficiency 
at those plants might be appreciably in error. 

The results of the laboratory studies described by the author 
indicate that the effect of gravity on the salt-velocity method of 
water measurement is negligible, when proper salt mixing and 
distribution are secured. 

In 1939, the salt-velocity method of water measurement was 
used in making efficiency tests on the Colorado River Aqueduct 
pumps for the Metropolitan Water District of Southern Califor- 
nia. During those tests, a field answer was found to the 
specific-gravity question. The question was raised at the Iron 

“*Modern Developments in Fluid Dynamics,’ edited by 8. 


Goldstein, Oxford University Press, New York, N. Y., 1938, chapter 5. 
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Mountain Pumping Station and the district engineers agreed to 
turn that plant into a field laboratory to study the subject. 

The regular salt-velocity test section, used for pump-efficiency 
tests at this plant, was 200 ft long, 100 ft from salt injection to 
the first set of electrodes, and another 100 ft to the second set of 
electrodes. For this specific-gravity study, two additional pairs 
of electrodes were installed in the 10-ft delivery pipe. 

These additional electrodes were called spot electrodes and 
consisted of small steel plates, 4 in. square and spaced 2 in. apart. 
These spot electrodes were fastened 5 ft beyond the regular second 
set of electrodes, making the length of test section used for the 
spot electrodes 105 instead of 100 ft. One pair of spot electrodes 
was located at the top of the pipe and the other pair at the bot- 
tom. During the study, the ammeter connections were alter- 
nated, shot by shot, between the two sets of spot electrodes. 

A total of 74 salt shots were made and computed in this study. 
Averaging the results of these shots showed that the passage time 
to the top spot electrodes was 0.04 sec less than the passage time 
to the bottom electrodes. This was regarded as a perfect check 
and a conclusive field answer to the gravity question. 

As further assurance of the accuracy of the salt-velocity method 
of water measurement and confirming the belief that any specific- 
gravity error was too small to be seriously considered, two volu- 
metric check tests have been made at Pacific Coast plants, one of 
them being a high-head plant with a steep slope in the penstock. 

For those check tests, a 3-acre forebay, 20 ft deep, and a 10- 
acre reservoir, 10 ft deep, were used as basins for the volumetric 
measurements. The volumetric results checked salt velocity, 
by 0.75 per cent at one plant and by 0.5 per cent at the other 
plant. The latter was the high-head steep-penstock plant where 
any gravity effect would be expected to be most apparent. 

The author’s conclusion, from laboratory tests, that “for ve- 
locities lower than those normally found in practice, there exists a 
critical mixing velocity below which good mixing of the injected 
brine does not occur’’ is confirmed by some field tests recently 
made. 

Field efficiency tests were made on the Colorado River Aque- 
duct pumps in May and June, 1939. At Intake, the first station 
tested, the discharge values for single pumps checked the dis- 
charges when two or three pumps were operating together. 

At the second station tested, Gene, the results of the prelimi- 
nary tests, comparing single- and multiple-pump discharges, did 
not check. 

At all five Colorado River Aqueduct pumping stations, one 10-ft 
delivery pipe carries the discharge from the three pumps now in- 
stalled at each station. When only one pump is operating, the 
velocity in the delivery pipe is comparatively slow, about 2 fps. 
The inside of these delivery pipes is coated with an enamel finish, 
as smooth as glazed porcelain, and there are no rivet heads or 
other projections into the inside of the pipe. 

This combination of extremely smooth pipe and low velocities 
created a condition of low turbulence, too low for satisfactory 
salt mixing, during the passage of a shot. This accounted for 
the failure of the discharge values to check between single and 
multiple pumps. 

To provide more turbulence, an artificial agitator, called a “‘tur- 
bulator” was installed beyond the salt-injection station. This 
so-called turbulator was a steel disk, 6 ft in diam, fastened in the 
center of the delivery pipe and normal to the axis of the pipe. 
This disk had an 18 X 24-in. hole in the center and was lo- 
cated 40 ft beyond the pop valves. The turbulator was used 
during the remainder of the pump tests and single-pump-dis- 
charge results checked the multiple-pump values. 

No artificial turbulator was required at Intake, because the 
salt-injection station was just above the manifold where the three 
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6-ft pipes enter the one 10-ft delivery pipe. The pop valves were 
only 25 ft beyond this manifold and the turbulence caused by the 
bends in the pipes was sufficient to last throughout the salt- 
velocity test section. 


R. M. Watson. From information now available, it appears 
that, with normal pipe roughness, mean water velocities, reason- 
able test sections, and when handled by a competent test crew, 
the salt-velocity method for determining the rate of flow of water 
is consistently accurate within 0.5 per cent. The writer belives 
this to be the limit, at present with few exceptions, to which any 
evaluation should be made. This accuracy is quite comparable to 
that by which the other factors, pressure and power, which ex- 
press the performance of hydraulic machinery, can be determined 
reliably in most commercial installations. 

Among the many factors which affect the accuracy of the salt- 
velocity method are the velocity of flow and the degree of turbu- 
lence in the stream. As shown by the author, a certain minimum 
turbulence is necessary in order that the salt cloud will travel 
with the flow without slippage. Apparently this problem had 
not been encountered in the field until a recent installation which 
had an exceptional combination of low velocities and smooth pipe 
walls. Unexplainably low results indicated trouble which was 
traced to the absence of turbulence. Excessive deviation from 
the expected results was corrected by the introduction of a ‘‘tur- 
bulator,” the purpose of which was to create high turbulence 
ahead of the salt-injection nozzles. 

In view of the difficulties experienced in the initial tests, oppor- 
tunity was taken to make a check of the effect of the low velocities 
at those stations at which pumps manufactured by the writer’s 
company were installed. Each station consisted of three pumps, 
each pump discharging from a 6-ft pipe into a common 10-ft pipe. 
The salt-velocity test section was in this 10-ft line, with approxi- 
mately 4 pipe diameters between the turbulator and the salt- 
injection nozzles; 10 pipe diameters between the injection valves 
and the first electrodes, and 10 diameters between the first and 
second electrodes. The 10-ft discharge pipe at the test section 
ran upward at an angle of about 25 deg with the horizontal. 

The tests were made by the customer’s crew of engineers. 
This test crew had had the experience of previous salt-velocity 
work, in addition to experience with the use of this method on 
nine other pumps in three stations at this same large development. 
In every case the same problem existed; that of measuring by the 
salt-velocity method the rate of flow with very low mean pipe 
velocities and with extremely smooth pipe walls. This same 
crew was present and assisted in the development of a satisfac- 
tory technique for the method under the same conditions of low 
velocities and smooth pipes prevailing at the first three stations, 
and was therefore well qualified to conduct similar tests under 
similar discharge-pipe conditions at the two stations in which the 
writer’s pumps were installed. 

Piezometer taps were placed at two sections of different areas 
in the suction cones of all three pumps. The reduction in areas 
was sufficient to give a differential reading of approximately 6 in. 
of mercury in the range of flows considered. These venturi 
meters were calibrated individually by salt-velocity tests made 
~ during the operation of each pump singly. The salt-velocity 
test section was in the 10-ft pipe common to all three pumps. 
Each pump was operated individually, then in pairs, and finally 
all three together. Salt-velocity determinations of the flow were 
made each time. These calibrations were used during the multi- 
pump runs to measure the flow delivered by the individual pumps. 
During the multipump run, the sum of the individual flows thus 
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determined was compared with the total as measured by the salt- 
velocity method. The individual pump flows varied from ap- 
proximately 180 efs to 215 efs, with corresponding mean pipe ve- 
locities varying between 2.3 fps and 2.7 fps. For two and three 
pumps operating together, the mean velocities in the test section 
were, respectively, 2 and 3 times the mean velocities in the test 
section during individual pump operation. 

As a result of an analysis of the data by the writer, it appeared 
that the salt-velocity results obtained with the low mean pipe 
velocities, existing during the individual pump runs, were low 
by between 0.3 per cent and 0.6 per cent, as compared to the 
salt-velocity results obtained with the higher mean pipe veloci- 
ties existing during the multipump runs. It is interesting to note 
that the laboratory results presented by the author confirmed the 
possibility, direction, and order of magnitude of this discrepancy, 
It is equally interesting to note that the discrepancy between the 
single-pump and multipump tests was within the 0.5 per cent 
accuracy obtainable with the salt-velocity method under normally 
favorable conditions. It was only the peculiar combination of 
circumstances present at this installation which warranted the 
attempt for even better accuracy. 

In general, the difficulties experienced in the measurement of the 
flow by the salt-velocity method were traceable, as brought out 
in the paper, to insufficient turbulence to prevent an actual slip- 
page and retardation of the salt cloud due to its greater density, 
particularly immediately after the injection. This resulted in 
an apparent rate of flow which was considerably less than the 
actual, Improvement was obtained by installing a turbulence- 
creating construction a short distance ahead of the injection 
valves. The trend, however, of any error from this effect was 
shown definitely in these field tests to be negative, as is indicated 
by the laboratory tests of the author. 

Even with the artificially created turbulence, the analysis of 
the field tests on six of the pumps as made by the writer, indicated 
that some slippage did occur. In explanation, it is probable that 
the turbulence resulting from the constriction decreased suffi- 
ciently within the test section to permit some slippage of the 
slightly more dense salt cloud. Certainly such is possible if the 
rather high turbulent energy in the flow leaving the pump (al- 
though this energy would be in small-scale eddies), and the turbu- 
lence created at the junction of the 6- and 10-ft pipes during single- 
pump operation, decreases sufficiently before reaching the injec- 
tion nozzles to cause the troubles noted. 

In opposition to the results of the writer’s analysis of field 
tests and checks and resulting conclusions, conditions at one of 
the other three stations of this project permitted a volumetric 
check of the salt-velocity results. By this check the salt-ve- 
locity results appeared approximately 0.5 per cent high, after 
installation of the turbulence-creating construction. However, 
the writer does not know the full details of this check, and cannot, 
therefore, attempt to analyze possible differences. 

In connection with the field checks of the salt-velocity method, 
the writer wonders whether or not an examination has disclosed 
any common characteristics of settings, or other factors, which 
tend to give high results in some cases, and low results in others. 
Such an examination should help to predict the direction of any 
error and possibly ultimately to eliminate some of the causes. 

With the increasing size of centrifugal pumps and an expanding 
knowledge of design, pump efficiencies have now reached and even 
exceeded 90 per cent. The pump designer is therefore no longer 
satisfied with the 1 per cent to 2 per cent over-all test accuracy 
which used to be acceptable. The ability to differentiate between 
the effects of small design changes requires increasing accuracy 
in the tests as the efficiency increases. Whereas, at 80 per cent 
pump efficiency an accuracy of 2 per cent is sufficient to detect 
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really significant design differences, this accuracy should be 
better than 0.5 per cent when the efficiency approaches or exceeds 


90 per cent. 
AuTHor’s CLOSURE 


The discussion presented by Messrs. Fejer and Daily is of great 
interest to the author, especially the suggestion in connection 
with the Froude number. This number, however, cannot be used 
as a guide until more tests have been made to determine its critical 
limits and the factors affecting those limits, because it does not of 
itself completely define the flow conditions. Furthermore, in 
addition to the pipe velocity, pipe diameter, and brine specific 
gravity, which factors make up the Froude number, the roughness 
of the pipe wall has a direct bearing on the turbulence, as does also 
the viscosity of the fluid and the quantity of brine injected per 
second-foot of flow. Finally, there is a modifying factor intro- 
duced by the performance of the brine after being injected. 

The first three points were mentioned in the paper, but the last 
may need further clarification. It has been shown by experi- 
ment that the same amount of salt solution, injected at a con- 
stant rate, provides practically a constant height of electrode 
curve over a wide range of velocities. Since the duration of the 
shot remains constant, it follows that for low velocities the salt 
is confined to a small volume of the penstock water and is distrib- 
uted over a proportionally larger volume of penstock water at 
higher velocities. Thus the total energy for mixing becomes 
the product of the energy per pound and the quantity of water 
flowing. This indicates experimentally that the energy available 
for mixing varies approximately as the cube of the velocity rather 
than the square. 

With these thoughts in mind, the critical Froude numbers are 
presented for those tests where complete information is available, 
as follows: 


Pipe Critical Brine, 
Test diam, velocity, specific 
no. ft fps gravity Factor 
1 0.17 0.45 1.10 3.70 
2 0.17 0.94 1.10 1.61 
3 1.00 0.90 1.10 0.25 
4 3.33 0.67 1.06 0.07 
5° 10.00 2.50 1.18 0.11 
Caltech 0.42 0.56-0.07 


The results with the 2-in. pipe seem to be far out of line but it 
is known in test No. 1 that the quantity of brine introduced per 
second-foot of flow was nearly 20 times larger than usual. Divid- 
ing 3.7 by 20 gives 0.19, which brings the result more in line with 
the figures obtained for the larger pipes. 


The values of critical Froude number obtained by actual salt- 
velocity measurements are about '/, to '/; the values given by 
Fejer and Daily and they extend over a rather wide band. Atthe 
start of these tests, all of the factors controlling the mixing process 
were not appreciated, so that some of the experimental informa- 
tion is approximate. This applies particularly to the amount of 
salt injected per second-foot of flow. It is hoped that some of 
these tests can be repeated at an early date so that an experimental 
verification of this Froude number may be obtained. 

Referring to Mr. Mason’s discussion, it was not the intention 
of the author to suggest the use of the “critical mixing velocity” 
itself as a criterion for good mixing. As stated in the paper, the 
mixing process is affected by (1) the amount of brine injected; 
(2) the specific gravity of the brine; (3) the roughness of the pipe 
wall; (4) the size of the pipe; and (5) the velocity of flow in the 
pipe. All of these terms affect the mixing process in the first 
power except the velocity factor which varies as the cube. There- 
fore, a change in the velocity is more significant than a change in 
any other factor. From this point of view, the term “critical 
mixing velocity” was used in a descriptive way and not as a sole 
criterion of performance. 

Furthermore, Mr. Mason states that the time or mixing dis- 
tance should appear in the mixing criterion. The mixing distance 
is a factor intimately connected with the design of the pop valves 
and their installation with respect to the first electrodes; from 
that point it is most important. But, it was pointed out in the 
paper that, if the mixing process starts, it will continue; how- 
ever, if the injected brine smothers the turbulence, the brine falls 
to the lower part of the pipe and remains segregated. Under 
these conditions, doubling the mixing distance or time will not 
improve the mixing. It is believed, therefore, that time or dis- 
tance should not be represented in the mixing criterion. 

With regard to Mr. Watson’s discussion, it may be true there 
actually existed a small error for the flows measured for the single- 
pump units. Three similar pumping plants were tested in the 
same fashion by engineers of Professor Allen’s office. In each 
case, the average agreement of the sum of the single pumps, com- 
pared with two and three pumps operating together, was to 0.1 
per cent. This does not mean that the over-all accuracy of the 
method is 0.1 per cent on a field test. 

In conclusion, it is realized that the work reported in the paper 
has only been a start in the investigation of the salt-mixing process 
at low pipe velocities and the constructive discussions. which 
have been offered are appreciated. 
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Field Checks of the Salt-Velocity Method 


By OSWALD H. DODKIN,! SAO PAULO, BRAZIL 


This paper gives the results of some tests made in Brazil 
on which verification of the reliability of the salt-velocity 
method of measuring discharge was obtained by cross 
checks with the method itself, by check tests with the 
Gibson pressure-time method, and by volumetric tests. 
These show a highly satisfactory agreement even in set- 
ups where the testing layout was far from ideal. 


HE problem of measuring accurately the large dis- 
charges of modern hydraulic turbines is one that has en- 
gaged the efforts of many hydraulic engineers. About two 
decades ago the Gibson pressure-time method? and the Allen 
salt-velocity method? were introduced to the profession. Both 
possessed advantages of simplicity and ease of application as 
compared with some of the older methods, Laboratory tests 


‘ Hydraulic Engineer, The SAo0 Paulo Tramway Light and Power 
Company, Ltd. 

*“The Gibson Method and Apparatus for Measuring the Flow 
of Water in Closed Conduits,” by N. R. Gibson, Trans. A.S.M.E., 
vol. 45, 1923, pp. 343-376. 

*“The Salt-Velocity Method of Water Measurement,” by C. M. 
Allen and E. A. Taylor, Trans. A.S.M.E., vol. 45, 1923, pp. 285-341. 

Contributed by the Hydraulic Division and presented at the 
Spring Meeting, Worcester, Mass., May 1-3, 1940, of Tae AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and some field tests showed also a very promising degree of ac- 
curacy. Since then considerable experience has been obtained 
with these methods which in general has confirmed the early 
promises of accuracy of both methods. 

Both the Gibson and salt-velocity methods have been used with 
success in the several plants of the companies subsidiary to the - 
Brazilian Traction, Light and Power Company, Ltd., the former 
since 1926 and the latter since 1924. The purpose of this paper 
is to report verifications of both methods obtained in these tests. 
There will be given two tests in which the accuracy of the salt- 
velocity method is confirmed by itself with a different apparatus 
setup, two tests in which the results are confirmed by the Gibson 
method, and one in which its accuracy is confirmed by volumetric 
test. 


Serra Unit 5 


Unit 5 of the Serra plant of the Sio Paulo Tramway Light and 
Power Company, Ltd., is a double-overhung impulse turbine of 
which the nominal rating is 84,000 hp at 680 m (2230 ft) net 
head and 360 rpm; on test it can produce 92,300 hp at 674 m 
(2210 ft) head. It is fed by a penstock line approximately 1600 
m (5250 ft) long with three diameters; 1565 mm (61.61 in.), 
1463 mm (58.60 in.), and 1346 mm (52.99 in.). Fig. 1 shows in 
sketch form the upper end of this penstock and the location of 
the salt-velocity injection station and the three electrode sets 
used for testing the unit. 
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TABLE 1 RESULTS OF COMPARATIVE SALT-VELOCITY TESTS—SERRA UNIT 5 

-——Section X—A-——. ——Section X—B——.. ——Section X—C——. ——Section A—B——. -——-Section B—C—— Section A—C 
Volume 161.2 m* Volume 427.8 m3 Volume 700.6 m* Volume 266.6 m® Volume 272.8 m! Volume 539.4 m! 

No. of v id m3 v v m$ v m! 
Run shots sec per sec per cent sec per sec per cent sec per sec per cent sec per sec per cent sec per sec per cent sec per sec 
1 1 77.00 2.094 —1.41 202.5 2.113 —0.52 331.00 2.117 —0.33 135.5 2.124 0.00 128.5 2.123 —0.05 254.0 2.124 
2 : 13.43 12.003 —1. 35.37 12.095 —0.33 57.88 12.104 —0.26 21.94 12.151 +0.13 22.51 12.119 —O.13 44.45 12.135 
3 4 60.00 2.687 —0.96 158.3 2.702 —0.40 258.80 2.707 —0.22 98.3 2.712 —0.04 100.5 2.714 +0.04 198.8 2.713 
4 5 59.90 2.691 —0.37 158.6 2.697 —0.15 259. 2.699 —0.07 98.7 2.701 0.00 101.0 2.701 0.00 199.7 2.701 
5 4 59.60 2.705 —0.26 157.8 2.711 —0.04 258.50 2.710 —0.07 98.2 2.715 +0.11 100.7 2.709 —0.11 198.9 2.712 
6 5 45.80 3.520 +0.57 122.0 3.507 +0.20 199.90 3.505 +0.14 76.2 3.499 —0.03 77.9 3.502 +0.06 154.1 3.500 
7 5 46.00 3.504 +0.37 122.2 3.501 +0.28 200.50 3.494 —0. 76.2 3.499 +0.23 78.3 3.484 —0.23 154.5 3.491 
8 4 46.21 3.488 —0.60 122.4 3.495 —0.40 199.90 3.505 —0.11 76.16 3.500 —0.26 77.54 3.514 +0.14 153.7 3.509 
9 8 15.04 10.718 +0.40 40.01 10.692 +0.16 65.57 10.685 +0. 24.97 10.677 +0.02 25.56 10.673 —0.02 50.53 10.675 
10 7 15.04 10.718 +0.38 40.03 10.687 +0. 65.56 10.686 +0.10 24.99 10.668 —0.08 25.53 10.685 +0.07 50.52 10.677 
ll 7 14.91 10.812 +1.00 39.86 10.733 +0.27 65.30 10.729 +0.22 24.95 10.685 —0.19 25.44 10.723 +0.17 50.39 10.705 
12 6 39.10 4.123 +0.65 104.1 4.110 +0.34 170.80 4.102 +0.15 65.0 4.102 +0.15 66.7 4.090 —0.15 131.7 4.096 
13 5 17.23 9.356 +0.62 45.91 9.318 +0.22 75.24 9.312 +0.15 28.68 9.296 —0.02 29.33 9.301 +0.03 58.01 9.298 
14 8 17.42 9.254 —0.73 45.97 9.306 —0.18 75.28 9.307 —0.17 28.55 9.338 +0.16 29.31 9.307 —0.17 57.86 9.323 
15 2 17.54 9.190 —1.03 46.39 9.206 —0.86 75.63 9.264 —0.21 28.85 9.241 —0.48 29.24 9.330 +0.47 58.09 9,286 
16 6 20.22 7.972 —0.91 53.36 8.017 —0.36 87.25 8.030 —0.20 33.14 8.045 —0.03 33.89 8.050 +0.04 67.04 8.046 
17 6 20.03 8.048 —0.17 53.16 8.047 —0.19 86.94 8.058 —0.05 33.13 8.047 —0.19 33.78 8.076 +0.17 66.91 8.062 
18 5 19.94 8.104 +0.60 53.05 8.064 +0.10 86.90 8.062 +0.07 33.11 8.052 —0.05 33.85 8.059 +0.04 66.96 8.056 
19 6 24.49 6.582 0.00 64.95 6.587 +0.08 106.44 6.582 0. 40.46 6.589 +0.11 41.49 6.575 09 81.95 6.582 
20 7 24.56 6.565 —0.35 65.13 6.568 —0.30 106.43 6.583 —0.07 40.57 6.571 —0.26 41.30 6.605 +0.26 81.87 6.588 
21 8 24.44 6.596 +0.30 64.91 6.591 +0.23 106.46 6.580 +0. 40.47 6.587 +0.17 41.55 6.566 —0.15 82.02 6.576 
22 6 30.84 5.227 +0.39 82.00 5.217 +0.19 134.40 5.213 +0.11 51.2 5.207 0.00 52.4 5.206 0.00 103.6 5.207 
23 7 30.79 5.235 +0.82 82.19 5.205 +0.25 134.68 5.201 +0.17 51.4 5.187 —0.10 52.5 5.196 +0.08 103.9 5.192 
24 6 30.90 5.217 0. 81.81 5.229 +0.23 134.30 5.217 0. 50.9 5.238 +0.38 52.5 5.196 —0.40 103.4 5.217 


T = average time of salt-cloud passage. 
Q = discharge, cu m per sec. 
v» = variation of discharge from corresponding discharge section A—C. 


The injection station consisted of four 2-in. pop valves set in 
from the pipe wall 38 per cent of the pipe radius. Elementary 
electrodes were placed at the side of two of the pop valves to de- 
termine the time of the salt-solution injection. 

Each electrode set consisted of two pairs of electrodes at right 
angles to each other, extending across the penstock to within 
1/, in. of the penstock walls. These electrodes were bowed to 
have a center spacing 6.5 times that of the electrode ends. 

The volume between the axes of the electrodes was determined 
from four measurements of diameter in each pipe, approximately 
one measurement for each 5 ft of penstock, and tape measure- 
ments of the lengths, due allowance being made in the volume for 
the bump joints and rivet heads, from the penstock manufac- 
turer’s drawings. 

In testing the turbine, a total of 24 runs with an average of 5.6 
salt shots per run was made. For each run six different deter- 
minations of the discharge were obtained, i.e., from the injection 
station X to electrode sets A, B, or C; from electrode set A to B, 
or to C; and from electrode set B to set C. 

Table 1 shows the number of salt shots for each run, the time 
of salt passage for each run and electrode combination, the re- 
sulting discharges, and the variations of these discharges from 
those obtained from the combination of electrode sets A and C. 

These variations have been analyzed by computing the prob- 
able variation of any one run for the several sections with the 


formula 
> 2 
0.6745 
n — 
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where r = probable error, per cent 
variation, per cent 


number of runs 


3 
ll 


The probable variations of one run, as percentages, are as follows: 
Section.......X—A X—B X—C A—B B—C 
r.......-. £0.47 +£0.22 #£+0.12 


This shows a high degree of consistency of the discharge meas- 
urements, the greatest probable deviation of one run being less 
than 0.5 per cent for section X — A where the testing setup is the 
poorest. Examination of the variations shows no tendency for 
consistent positive or negative variations. In the case of section 
X — A, this tendency which is there the greatest, averages 
—0.07 per cent for the 24 runs, but is meaningless, since the 


probable deviation of the average is greater, being +0.10 per 
cent. 

A further indication of the small variation in the discharge is 
obtained from the calibration of the venturi restriction based on 
discharges determined in section A — C. The least-squares 
determination of a straight line fitting the observations gives K 


= 7.807 + 0.0105 Q in the formula @ = K ~/H, where 


Q = discharge, cu m per sec 
H = venturi differential head, m of water 


The variations of the observations from this line show a prob- 
able variation of any one point of +0.0148 or say +0.19 per cent. 
Considering that this variation includes the errors of measuring 
the differential head by a U tube containing bromoform, as well 
as the errors of the discharge measurement, it is in line with the 
variations found in the discharge determinations of section 
X —C, A —B, or B—C. 


Serra UNIts 3 AND 7 


Unit 7 of the Serra plant is essentially a duplicate of unit 5 
previously described. Unit 3 is similar, but with slightly smaller 
penstock and nozzle diameters, having a rated output of 72,800 
hp and an actual maximum of 78,100 hp. The penstocks for 
units 7 and 3, especially the upper end, and the salt-velocity 
setups as applied there, were similar to that for unit 5. 

When unit 3 was installed and tested in 1936, its penstock was 
temporarily connected to‘the venturi restriction and butterfly 
valve intended for unit 7. Sixteen calibration runs were obtained 
giving an average of K in the equation Q = K WH of 7.447 * 
0.006. The probable deviation of one run was r = +0.32 per 
cent. 

Later in 1939, the penstock of unit 3 was disconnected from 
this venturi and the penstock of unit 7 connected. The venturi 
was again calibrated during the tests of unit 7. Twenty-two 
calibration runs were obtained, giving an average value of K 
of 7.430 + 0.005. The probable deviation of any one run was 
r = +0.28 per cent. 

In either case, the salt-velocity setup was similar to that for 
unit 5. The discharges were determined from electrode sets 4 
and C. The differential heads were measured by U tubes con- 
taining bromoform. The data of these two calibrations are give? 
in Table 2 and are plotted in Fig. 2. 

In the case of unit 3, the location of the injection station was 
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DODKIN—FIELD CHECKS OF THE SALT-VELOCITY METHOD 


TABLE 2 CALIBRATION OF SERRA VENTURI 7 
(Results with discharge measurements in penstock 3 and in penstock 7) 


Discharge measured Pens- Discharge measured Pen- 
Discharge, Dif. head, tock3 Discharge, Dif. head, stock7 
m® per sec m K m® per sec m K 
Run Q H Q/VH Q H Q/VH 
1 10.370 1.9200 7.482 12.020 wee ee 
2 8.543 1.3050 7.481 10.370 1.964 7.400 
3 7.591 1.0270 7.493 10.340 1.935 7.433 
4 6.709 0.8040 7.483 9.018 1.480 7.413 
5 5.758 0.5960 7.459 9.034 1.476 7.436 
6 4.959 0.4395 7.480 7.714 1.074 7.443 
7 4.110 0.3075 7.411 7.709 1.071 7.449 
8 1.901 0.0675 7.417 6.174 0.686 7.454 
9 7.619 1.0400 7.476 6.177 0.686 7.458 
10 6.702 0.8160 7.419 4.945 0.440 7.455 
ll 4.923 0.4445 7.386 12.030 éae 
12 5.834 0.6115 7.460 10.360 
13 8.622 1.3540 7.413 9.103 a nae 
14 10.395 1.9460 7.457 7.921 1.139 7.422 
15 4.473 0.3655 7.397 6.257 0.711 7.421 
16 2.605 0.1225 7.443 4.887 0.436 7.401 
17 oes wee 4.894 0.432 7.446 
18 3.821 0.266 7.409 
19 3.280 0.193 7.466 
20 3.268 0.193 7.439 
21 3.282 0.194 7.451 
22 2.460 0.111 7.384 
23 2.466 0.111 7.402 
24 2.466 0.111 7.402 
25 1.933 0.069 7.364 
26 3.906 0.271 7.503 


only 11 m, 7 pipe diameters, below the butterfly valve and venturi 
restriction, as compared with 24 m, 15.5 pipe diameters, for unit 
5. The distorted velocity distribution resulting from the venturi 
and butterfly valve upset the precision of the salt-velocity dis- 
charges determined from the injection station to the electrodes. 
Such determinations differed from those from electrode sets A to 
C by as much as —2 per cent for X to A decreasing to —0.35 
per cent for X to C. The results between electrode sets A — B 
and B — C, when compared with those between electrode sets 
A — C, were satisfactory, the variations ranging from 0.59 per 
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cent to zero, with a probable deviation for any one run of r = 
+(0.21 per cent. 

The foregoing shows one point in the application of the salt- 
velocity method which must be emphasized. Where a high de- 
gree of accuracy is desired, the timing of the passage of the salt 
cloud in the waterway must be done between sets of electrodes 
extending across the entire waterway, not from the injection 
station to one electrode set, although with care in location of the 
injection station good results may be obtained thus, as shown by 
the tests on unit 5. 


PaRAHYBA UNIT 2 


Unit 2 of the Parahyba plant of the Brazilian Hydro-Electric 
Company, Ltd., is a vertical reaction-type turbine, rated at 
28,000 hp at 28.66 m (94 ft) net head or 32,500 hp at 31.7 m 
(104 ft) head and at 125 rpm. On test it exactly equals its rating. 

Two complete efficiency tests were made on this unit December 
19 and 21, 1927. On the first test, the discharges were determined 
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TABLE 3 TEST DISCHARGES BY SALT-VELOCITY AND GIBSON METHODS; 
PARAHYBA UNIT 2 


-——— Gibson test, Dec. 19, 1927 


-—Salt-velocity test, Dec. 21, 1927—~ 


-—Discharge— -—Discharge— 
At test At Attest At 
Guide 28.66 m, Guide head, 28.66 m, 
— m? m vanes, m? m3 

per cen 5 per per sec per cent head, per per sec 
Run G sec Q G G m sec Q Q/G 
2 33.8 29.21 41.37 40.98 1.212 34.7 28.61 41.70 41.74 1.203 
2 47.8 29.04 57.10 656.72 1.187 40.6 28.67 48.73 48.72 1.200 
3 62.4 28.85 72.49 72.25 1.158 47.1 28. 56.85 56.68 1.203 
4 68.9 28.74 78.67 78.56 1.140 54.0 28.92 65.41 65.12 1.206 
5 75.9 28.75 85. 85.70 1.129 57.1 28.93 67.92 67.60 1.184 
6 82.2 28.52 90.17 90.39 1.100 60.0 28.90 70.91 70.62 1.177 
7 89.7 28.34 94.67 95.20 1.061 64.0 28.78 74. 74.44 1.163 
8 100.0 27.96 100.61 101.86 1.019 68.1 28.65 77.55 77.56 1.139 
9 53.4 28.67 64.54 64.53 1.208 72.0 28.55 81.14 81.30 1.128 
10 71.7 28.60 81.85 81.94 1.143 75.3 28.56 84.29 84.44 1.121 
11 82.5 28.51 89.53 89.77 1.088 
12 89.7 28.5 94.78 95.01 1.059 
13 100.0 28.39 102.01 102.49 1.025 
14 55.8 28.88 66.62 66.37 1.189 
15 74.1 28.71 82.88 82.81 1.118 
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by the Gibson method applied differentially (10 runs). On the 
second test they were determined by the salt-velocity method 
(15 runs). Conditions of head, etc., were essentially identical 
on the two days. 
Fig. 3 shows schematically the testing layout. Expressing the 
‘lengths in terms of the pipe diameter (average for the part con- 
cerned) the salt-velocity mixing length, introduction to upper 
electrode set, was 2.7 and the test length between electrode sets 
was 6.82. The length between the Gibson piezometers was 2.85. 
For the salt velocity, 12 pop valves were used at the stop-log 
plane. This gave one valve for each 40.5 sq ft of cross section 
at the injection station or one valve for each 24 sq ft of conduit 
section at the upper electrode set. The path from the highest 
pop valves to the upper electrode set was about 17 per cent longer 
than from lowest pop valves. 


It was recognized from the start that, because of the short 
lengths relative to the diameter, and because the plane of the 
pop valves was not parallel to that of the upper electrodes, the 
testing setup was not ideal. Consequently, precautions were 
taken to insure good results with both methods. Great care 
was taken to adjust all pop valves for tightness up to 15 lb per sq 
in., and to have these open uniformly and at the same pressure. 
The electrodes were carefully shaped to have a center spacing 6.5 
times the end spacing. The large electrode area and the natural 
conductivity of the water required an applied voltage of about 
10 v. Consequently, large wires with carefully made joints were 
used in the electrode wiring. 

For the Gibson method, all piping joints were carefully made 
for tightness. Also, during the performance of tests, the piping 
was flushed through completely between each run to eliminate 
any air and to insure that the temperature of the water in the 
piping was essentially that of the penstock water. 

Table 3 presents the data obtained on these two tests. Fig. 4 
shows the curve of discharge against guide-vane opening after 
transferring to a uniform net head of 28.66 m. In order to present 
graphically and clearly the variations between the discharge 
determinations by the two methods, and in an attempt to rectify 
the data for analysis by the method of least squares, each ob- 
served discharge at 28.66 m head has been divided by the corre- 
sponding guide-vane opening expressed in per cent. These quo- 
tients are likewise plotted in Fig. 4. 

Examination of the plotting of these quotients shows that they 
may be approximately represented by straight lines from a gate 
opening of 53 per cent up to 100 per cent. The least-squares de- 
termination of the two equations of such lines gives 


Q/G = 1.414 — 0.00390 G for the Gibson data 
and 

Q/G = 1.406 — 0.00385 G for the salt-velocity data 
where 

Q = discharge at 28.66 m head in cu m per sec 
and 

G = guide-vane opening in per cent. 


The equation determined by the Gibson data in comparison 
with that determined by the salt-velocity data gives 0.42 per cent 
greater discharge at 53 per cent guide-vane opening (lower limit 
of applicability) and 0.29 per cent greater discharge at full guide 
vane opening. The computed values of the probable variation of 
one run from the equations are r = +0.48 per cent for the Gibson 
method and r = +0.22 per cent for the salt-velocity method. 


PaRaHYBA UNIT 4 
Unit 4 of the Parahyba plant is a vertical reaction-type turbine 
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rated at 54,000 hp at 31.7 m (104 ft) net head and 115.4 rpm, 
with a discharge at maximum gate of over 5500 cfs; on test it 
can produce 57,190 hp at 31.7 m head. 

A complete efficiency test of this unit was made in November, 
1938. On this test, 28 runs were made using the salt-velocity 
method and, for 17 of these runs, the Gibson method was used at 
the end of the 10-min test run. 

Fig. 5 shows schematically the testing layout which is generally 
similar to that for unit 2, except the pop-valve arrangement and 
the forebay water elevation at the time of the test. The lengths 
in terms of the pipe diameter are, salt-velocity mixing length 1.6, 
salt-velocity test length 6.4, and Gibson piezometer length 4.2. 

For the salt-velocity method, 20 pop valves were used in a 
plane crossing the stop-log groove and closely parallel to the 
plane of the upper electrodes, thus making the paths from all 
valves of the injection station to the electrodes essentially equal. 
This gave one valve for each 35.5 sq ft of vertical cross section 
at the injection station or one valve for each 20.7 sq ft of conduit 
section at the upper electrode set. The same general precautions 
for insuring accuracy were followed with both methods as were 
used for unit 2. 

Table 4 presents the data of this test. Fig. 6 shows the curve 
of discharge against guide-vane opening after transferring to a 
uniform net head of 31.7 m. As for unit 2, in order to present 
more clearly the variations of the discharge determinations and 
in an attempt to rectify the data for analysis by the method of 
least Squares, each observed discharge at 31.7 m head has been 
divided by the corresponding guide-vane opening in millimeters. 
These quotients are likewise plotted in Fig. 6. 

Examination of the plotting of these quotients shows that they 
may be approximately represented by straight lines over the 


range covered jointly by the Gibson and salt-velocity observa- 
tions, that is, from 46 to 89 per cent guide-vane opening. Thus 
using all Gibson points and omitting the salt-velocity determina- 
tions of runs 1, 4 to 9, and 28, as being outside the range of joint 
observations, the least-squares determination of the two equations 
of such lines gives 


Q/G = 0.5991 — 0.0004455 G for the Gibson data 
and 

Q/G = 0.6039 — 0.0004594 G for the salt-velocity data 
where 

Q = discharge at 31.7 m head in cu m per sec 
and 

G = guide-vane opening, mm. 

The equation determined by the Gibson data in comparison 
with that determined by the salt-velocity data gives 0.42 per cent 
smaller discharge at 180 mm guide-vane opening (lower limit of 
applicability) and identical discharge at 345 mm guide-vane 
opening (upper limit of applicability). The computed values of 
the probable variation of one run from the equations are r = 


+(0.0024 or say +0.5 per cent for the Gibson method and r 
= +(.0031 or say +0.6 per cent for the salt-velocity method. 


SorocaBa Unit 4 


Unit 4 of the Sorocaba plant of the Sao Paulo Electric Com- 
pany, Ltd., is a horizontal reaction-type turbine rated at 25,000 
hp at 195 m (640 ft) net head at 600 rpm; on test it can produce 
26,450 hp at 195 m head. Water is supplied to the unit by a 
penstock line about 656 m (2150 ft) long, having diameters of 
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TABLE 4 BY SALT- AND GIBSON 
ETHODS; PARAHYBA UNIT 


Salt wey — Gi 
At test At 31.7 Attest At 31.7 


Guide head, m, head, m, 
vanes, m? m? m? /G——. 
mm per persec per per sec Salt- 

Run @G m sec Q sec Q__svelocity Gibson 
1 158 31.75 85.14 85.07 0.5384 caus 
2 206 1.57 105.33 105.55 0.5124 aie 
3 306 31.32 141.23 142.08 0.4643 ene 
4 82 32.37 48.22 47.72 0.5820 are 
5 108 32.18 60.21 59.76 0.5533 ey 
6 131 32.10 71.77 71.32 0.5444 cues 
7 156 32.06 83.62 83.15 0.5330 vidas 
8 162 32.04 84.60 84.15 0.5194 Pans 
9 161 31.97 86.14 85.78 0.5328 says 

10 188 31.88 98.12 97.84 97.56 97.28 0.5204 0.5174 

ll 181 31.87 95.02 94.76 93.68 93.43 0.5235 0.5162 

12 185 31.89 95.29 95.00 95.32 95.04 0.5135 0.5137 

13 210 31.91 107.29 106.94 106.67 106.32 0.5092 0.5063 

14 213) «31.95 107.07 106.65 108.39 107.97 0.5007 0.5069 

15 213) 32.05 107.11 106.52 106.15 105.57 0. 0.4956 

16 231 32.00 116.50 115.95 0.5019 Sail 

17 229 31.51 114.85 115.19 113.50 113.84 0.5030 0.4971 

18 234 31.53 114.54 114.85 116.87 117.19 0.4908 0.5008 

19 252 31.38 122.12 122.74 120.85 121.47 0.4871 0.4820 

20 256 31.40 123.56 124.15 124.90 125.50 0.4850 0.4902 

21 259 31.43 125.05 125.59 125.51 126.05 0.4849 0.4867 

22 294 31.41 136.78 137.41 137.29 137.92 0.4674 0.4691 

23 291 31.38 139.74 140.45 137.30 138.00 0.4826 0.4742 

24 296 31.38 138.66 139.37 138.67 139.38 0.4708 0.4709 

25 337 31.38 150.49 151.26 151.58 152.35 0.4488 0.4521 

26 343 31.39 151.95 152.71 149.5 150.84 0.4452 0.4398 

27 335 31.41 147.66 148.34 148.56 149.24 0.4428 0.4455 

28 390 31.17 162.02 163.40 0.4190 seas 


1850 mm (72.83 in.), 1750 mm (68.90 in.), and 1650 mm (64.96 
in.). 

Fig. 7 shows schematically the layout of the plant from the 
lower end of the canal to the powerhouse, together with the pro- 
file of unit 4 penstock. ; 

A complete turbine-efficiency test of the unit was made in 
January, 1926. Fourteen runs, measuring the discharge with the 
salt-velocity method were made. As shown in Fig. 7, the meas- 
urements of discharge were made between two sets of electrodes 
of the customary bowed type. The salt-injection station con- 
sisted of 4 pop valves set in from the pipe wall 39 per cent of the 
pipe radius and was generally similar to the Serra layout in Fig. 1. 
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DODKIN—FIELD CHECKS OF THE SALT-VELOCITY METHOD 


The results of the test appeared entirely satisfactory, check 
points at identical gate openings showing a maximum difference 
of 0.2 per cent. However, the venturi meter, having full and 
throat diameters of 1850 and 1269 mm, respectively, showed a 
coefficient about 4.5 per cent lower than the usually expected 
value of 0.985. 

As these tests were made in the early days of the companies’ 
experience with the salt-velocity method, a volumetric check of 
the discharge was made as this was possible with the plant layout. 

The volume of the canal forebay, and surge tank between three 
elevations, was determined by measurement of the areas. With 
all inflow shut off except a very small but measured inflow from 
a spring and no other outflow, this known volume was discharged 
through penstock 4 by bringing the unit from complete shutdown 
to a predetermined gate setting in about 2 min, holding this load 
constant for as long a period as the available water permitted, 
and shutting down the unit completely in about 1'/; min. The 
rate of discharge during the steady-load portion of the run was 
determined by deducting the percentage of water used during 
starting and stopping, determined on the basis of the previous 
constant-load tests from gate openings observed every 10 sec 
during changes of load. The water used in starting and stopping 
amounted to 16 per cent of the total on one test and 7 per cent 
on the other two tests. During the steady-load portion of each 
run, salt-velocity measurements were made. 


TABLE 5 VOLUME CHECK a SALT VELOCITY; 


OROCABA UNIT 
Item Test 1 Test 2 Test 3 

Average area above 803.57, sq m...... 6130 5640 5700 
Draft above 803.57, m.......cccccces 0.830 014 1.068 
area below 803.57, sq m...... 3950 3940 
Draft below 803.57, 1.925 2.035 
Inflow from spring, cu m............. 20 27 22 
Total water used on test, cum........ 5108 13350 14128 
Water used on steady load, per cent. 84.15 93.20 92.70 
Water used on steady load, cu m...... 4298 12442 13097 
Time of steady load, sec.............. 720 2100 1700 
Average discharge—volumetric, cu m 

5.969 5.925 704 
Average time salt velocity, sec. 164.9 167.0 127 
Average discharge—salt velocity, ‘cu m 

5.967 5.892 7.694 
Difference salt velocity—volumetric, 

Table 5 presents the summary of these tests. It will be seen 


that the discharges determined volumetrically and from the salt- 
velocity method agree within 0.25 per cent average for the three 
tests. It is considered that the penstock volume for the salt- 
velocity and the canal volume for the volumetric check as de- 
termined had each a precision of about +0.3 per cent. The test 
agreement is therefore as good as can be expected. At that time 
no greater refinement in testing results was attempted. 


GENERAL CoMMENT ON TESTS 


From the period of obtaining the rights to use the salt-velocity 
and Gibson methods to date, all units of the principal plants of 
the companies associated under the Brazilian Traction, Light and 
Power Company, Ltd., have been tested by one or the other of 
these methods, with the exception of three units which are dupli- 
cates of machines tested. In some cases, the tests have been made 
indirectly by using the Gibson or salt-velocity method to calibrate 
4 venturi restriction, using this calibrated restriction as a measur- 
ing device for several units. Eleven units have been directly 
tested with each method, a total of 16 tests with the salt-velocity 
and 15 tests with the Gibson method having been made. All of 
these tests have been satisfactory and, where doubts have oc- 
casionally been expressed, repeat tests and checks by other 
methods have confirmed the accuracy of the tests. 

From the experience gained on these tests, the author suggests 
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the following, but by no means comprehensive, precautions re- 
garding the use of the two methods: 


Salt-Velocity Method 


1 If best results are desired, the timing of the passage of the 
salt cloud must be done between two sets of electrodes which 
represent the entire cross section of the waterway. 

2 An adequate mixing length between the injection valves 
for the brine and the first set of electrodes is imperative for best 
results. The author does not feel competent to place a definite 
limit on this length, but suggests a lower limit of a length at least 
equal to the mean transverse dimension of the waterway and 
preferably at least twice this length. It appears also that the 
number of pop valves used should depend on this length rather 
than on the cross-sectional area of the waterway. 


Gibson Method 


1 The author has found that measuring the leakage with 
fully closed guide vanes may, at times, be the most troublesome 
feature of this method. In two cases it appeared conclusively that 
the leakage through the guide vanes did not vary as the square 
root of the head on the turbine, thus making it necessary to meas- 
ure the leakage with the full head. No explanation of the dis- 
crepancies has been found, but they may be due, at least in part, 
to the variation in mechanical deflection of the guide vanes with 
varying applied pressure. 

2 Besides the necessity of absolutely tight piezometer piping, 
the author considers it necessary to provide adequate provision 
for flushing the piping between tests to remove air and to main- 
tain the penstock water temperatures if best results are to be 
obtained. 
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Discussion 


M. A. Mason.‘ The writer had the opportunity, while study- 
ing in France as a Freeman scholar, to make an investigation of 
the possibilities of use of the salt-velocity method in open chan- 
nels. It was found that previous studies had not resulted in the 
formulation of any logical conception of the physics of the method 
which would permit a definition of its limitations. An attempt 
was made, therefore, to define the limits of applicability of the 
method by a study of the basic principles governing its operation. 
The conclusion was reached that the chief requirement for ac- 
curate results is the attainment of proper mixing between the 
water and injected solution before the injected solution reaches 
the measuring section. It is gratifying that the author arrives 
at an identical conclusion for the case of flow in pipes. 

Concerning the magnitude of the “mixing length” required for 
accurate results, it was concluded from the writer’s studies that 
this length was probably a function of the velocity of flow, the 
injection pattern, the form of the channel, the nature of the walls, 
and some time period. The author presents no evidence to 


4 Engineer, Beach Erosion Board, War Department, Washington, 
D.C. Jun. A.S.M.E. 

“Contribution |’Etude de la mesure des Débits d’Eau par la 
Méthode Allen,”” by M. A. Mason, Thesis, University of Grenoble, 
France; also Révue Générale del’ Hydraulique, No. 28, July-Aug., 1939. 
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justify the elimination of any of these factors and his conclusion 
that the “good mixing length” may be specified in terms of only a 
linear dimension of the conduit system does not seem to be 
justified. 

Professor Hooper, in his paper on salt-velocity measurements 
of low-velocity flow* employs mean velocity of flow as a meas- 
ure of the mixing of injected solution and water. It is probable 
that both criteria suggested are involved in the true criterion for 
good mixing and that neither is sufficient in itself. 

Although no concrete evidence of the effect of electrode design 
is presented in this paper, the writer concurs in the first conclu- 
sion to the effect that the electrodes must suitably cover the 
entire cross section of the waterway. An analysis leading to this 
conclusion. was included in the writer’s paper.® 


E. B. Srrowcer.’ The author indicates that he has obtained 
a satisfactory agreement in the results of tests of two units by the 
salt-velocity method with those of the differential application 
of the Gibson method. The writer wishes to submit the re- 
sults of other tests which show the consistent accuracy of the 
Gibson method. 

Perhaps it should be pointed out that the Gibson method 
makes use of pressure-time diagrams of either the simple or the 
differential type. With simple diagrams, the changes of pres- 
sure at one piezometer section in the conduit are recorded while 
with differential diagrams the difference between the changes of 
pressure at two piezometer sections in the conduit are recorded. 
Indirect checks of the Gibson method can be made, therefore, 
when both simple and differential diagrams are used; in tests 
where two sets of simple diagrams are made, each utilizing a 
different length of penstock; in tests where two differential ap- 
plications are made, each utilizing different lengths of pipe; 
and/or when tests are made using other comparisons. 

Some of the material which will be presented herein has been 
published before but is being included for the purpose of as- 
sembling as much of this information in one place as is possible at 
this time. 

Fig. 8 of this discussion shows the cross section of a 70,000- 
hp hydroelectric unit operating under a head of 217.5 ft. It also 
shows the piezometer sections used in testing this unit by the 
Gibson method. Simple diagrams were made on the unit, 
utilizing approximately 600 ft of penstock, extending from the 


6 “‘Salt-Velocity Measurements at Low Velocities in Pipes,’’ by 
L. J. Hooper, published on page 651 of this issue of the Transactions. 

7 Hydraulic Engineer, The Niagara Falls Power Company, Buffalo, 
N. Y. Mem. A.S.M.E. 
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forebay to the lower piezometer section and differential diagrams 
were made utilizing about 87 ft of the penstock as shown. The 
agreement between the two tests is indicated by the two sets of 
test points which fall on or close to the same power-discharge 
curve as shown in Fig. 9. The average divergence of the “differ- 
ential points” from the line established by the “simple points” is 
within +0.2 per cent and the agreement between the two tests is 
accordingly within 0.2 per cent. : 

Fig. 10 shows the plan and cross section of the penstock of 4 
14,000-hp unit operating under a head of 96 ft. On this unit two 
tests were made by the Gibson method, one using simple dia- 


|, 399.26 |r forebay on ¢ of penstock 
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(Test No. 1, Oct. 4, 1921, represented by points marked © made with Gibson 
apparatus No. 5 attached just below 90-deg elbow. Test No. 2, Dec. 11, 1921, 
represented by points marked A made with Gibson apparatus No. 1 at- 
tached upstream from 90-deg elbow. In test No. 1, F = 4.010, R = 2.35, 


Fig. 12 Section Penstock or 55,000 Hp Turstne, 
SHow1ne Location oF P1ezOMETERS FOR GIBSON APPARATUS 


grams and the other using differential diagrams. For the simple 
diagrams, all of the pipe was utilized extending from the forebay 
to plezometer section B and, for the differential diagrams, the 
Section between piezometer sections A and B was utilized. The 


and K = 118.50. In test No. 2, F = 3.672, R ‘= 1.528, K = 89.35.) 


two sets of test points are plotted in Fig. 11, and determine one 
curve as shown. 

In Fig. 13 is shown the power-discharge curve of a 10,000-hp 
unit operating under a 212-ft head as determined by two sets of 
test points, each made with the simple diagram application of 
the Gibson method but with different piezometer locations. 
One piezometer section was located upstream from a 9-ft elbow 
and the other just downstream from the elbow. The two sets 
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TURBINE HORSEPOWER IN THOUSANDS 
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Fie. 14 Gate Oprentne anp GaTe OPENING Power Curves For 55,000 Hp Tursine; Net Heap 312 Fr; sy Grsson 
MetuHop, Dec. 10, 1922 
(In test No. 10, F = 1.742, R = 1.802, K = 99.45. In test No.2 A, F = 1.385, R = 1.515, K = 88.98.) 
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Fie. 15 Prezometer Sections ror Two Sets or DIFFERENTIAL : 
Diacrams, Gipson Metuop or Testine, 10,000-Hp Unit 


. (Length A to B, 42.10 ft. Length A to C, 79.54 ft.) | oe 
of test points indicate that a common power-discharge curve may Diecanee~cFs. : 
be Fic. 16 Curve From Gipson Test on 10,0 
Another example of two sets of simple diagrams taken on the He Unit (Penstocx SHown in Fia. 15) § 
same penstock is illustrated by the test on a 55,000-hp unit oper- 4 
ating under a head of 312 ft, as shown by Figs. 12and 14. With points shown by triangles in the one case and circles in the othe | 
one set of diagrams approximately 310 ft of penstock was utilized | were determined by two independent testing organizations wills i Fig. 1 
and with the other set approximately 367 ft was used. The different apparatus and working independently. i 
diagrams were made simultaneously, i.e., at one closure of the The penstock shown in Fig. 15 was used for making two sets : 
turbine gates, two diagrams were made. The two sets of test differential diagrams, one set using 42.10 ft of length and the F 
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TABLE 6 COMPARISON OF RESULTS OF TESTS MADE IN EUROPE BY GIBSON 
METHOD WITH THOSE OF OTHER METHODS 


No. Date Place Conducted by Results 
1 October, 1928 Heidenheim, Germany J. M. Voith Mean variation from weir 
measurement, + 1.9 per 
cent 
2 July, 1929 Walchensee, Germany Paul Volkhardt Mean variation from current 
meter measurement, —0.3 
per cent 
3 August, 1929 Ejitting, Germany Paul Volkhardt Mean variation from current 
meter measurement, +0.4 
per cent 
4 Royal School of Engi- Ettore Scimemi Mean variation from volu- 
neers, Padova, Italy metric measurement, —0.2 
r cent 
5 1930 Technischen Hochschule, Hans Deckel Mean variation from volu- 
Minchen, Germany metric measurement, —0.3 
er cent 
6 1930 Briinnenmuhle in Heid- Hans Deckel Mean variation from weir 
enheim measurement, —0.4 per 
cent 
2 POINTSF | ALLEN TEST- 
| 
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Fig. 17 Comparison or Resutts, Gisson Test AND ALLEN Test Fic. 18 Comparison or Resutts, Gisson Test AND ALLEN TEST 
¥ on 59,000-Hp Unit (Unit No. 1) Net Heap = 196 Fr on 59,000-He Unit (Unit No. 2) Net Heap = 196 Fr 
‘ MEASURED ON 10- 
: _TRUE LENGTH 66-0" 
VENTURI METER NO.2 
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using | > Fa, 19 Comparison oF Resuuts, Gipson AND ALLEN Tests, 1900 Fie. 20 Data on Venturi Sections, RATED IN THE FIELD BY THE 
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other set a length of 79.54 ft. The power-discharge curve with 
the two sets of points is shown in Fig. 16. 

Figs. 17, 18, and 19 show the results of testing three units by 
both the Allen and Gibson methods. The close agreement be- 
tween the two measurements in each case is apparent. 


Fig. 20 shows the coefficient curves of two 7 X< 10-ft ven- 
6 + To 
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Fie. 21 (Lerr) Rating Curve sy Gipson METHOD oF A 120 
X 84-In. Venturi (METER No. 1) 


Fig. 22 (Rigut) Rating Curve Mane By Gipson METHOD oF A 120 
X 84-In. VentuRI (METER No. 2) 


oF wicker «13%, 


Fig. 23 CompuTaTION OF ANGULAR DEFLECTION OF TURBINE GATE 
Stem ror LEAKAGE DETERMINATION 


Unit Pressure, P = 270 X 0.434 X 13.219 = 1549 lb per in. of gate length 
Moments around center Opening M = 10,858.5lb X 3.505 in. = 38,059 
line of stem. in-lb 
7,920 lb X 2.29 in. = 18,058 


Closing M = 
in-lb Net od (opening) = 20,001 
in- 


Angular deflection of stem (radians) = EJ 
length of stem = 21.625 in. 

moment 

of elasticity = 12, 000 


polar moment of inertia = oS 


21.625 X 20,001 : 
a= 12,000,000 x 4.66 = 0.007735 radians 


Toe of gate moves, 7.01 XK 0.007735 = 9.05422 in. 
Heel of gate moves, 5.06 X 0.007735 = 0.03914 in. 


Total opening = 0.09336 in. 
0.070 
Orifice opening top and bottom of wickets = Ce X 3.1416 X 5.25 = 
0.096 sq ft 
Orifice opening between wickets = 16 X 1.104 X oes = 0.1374 sq ft 


Total orifice opening = 0.096 + 0.1374 = 0.2334 sq ft 


Gate leakage under 270 ft head = 0.2334 X 8.02 X 270 X 0.93 = 28.6 cfs 
Leakage per unit by tailrace weir = 29.5 cfs 
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turi meters built in the two penstocks of a hydroelectric station 
and tested by the Gibson method when the acceptance tests of 
the units were made. It shows the test points plotted as ve. 
locity against venturi coefficient. Figs. 21 and 22 show the test 
points plotted as discharge against manometer deflection on log 
paper indicating that, with this plotting, the relation between de. 
flection and discharge is a straight line. The slope of the line is? 
and accordingly the discharge varies as the square root of the 
mercury deflection. This means that the coefficient for these 
venturis is constant for the range of velocity covered by the test, 

Table 6 of this discussion presents a list of comparative test 
results using the Gibson method in conjunction with other 
methods of water measurement as carried out at various places 
in Europe. The results of these comparisons have been pub- 
lished from time to time in the technical press. With the excep. 
tion of the first tests at Heidenheim, which were not very good, al! 
these results are within the practical limits of precision in the 
measurement of flowing water. 

The author states he has found at times that measuring the 
leakage of the turbine with closed guide vanes was the most 
troublesome feature of the Gibson method and mentions two 
cases where the leakage did not vary as the square root of the 
head on the turbine. He suggests that the discrepancy, in part 
at least, was due to the mechanical deflection of the guide vanes 
with varying pressure. Since in many cases the turbine gate 
leakage must be determined under heads which are lower than 
the normal value and the experimental result must be stepped 
up to the full head, care must be exercised to see that proper 
adjustment of the orifice area is made in case deflection of the 
guide vane stems takes place. If this is done, the writer believes 
that the author will not consider the measurement as trouble. 
some. Gate-leakage determinations usually can be made st 
several values of reduced head, especially if the fall in the pres 
sure method of measuring the leakage is used, and the results 


may be plotted in the form of a leakage-head curve on log paper : 


If the orifice area changes with head, the relation so obtained iss 
curve rather than a straight line and may be extrapolated to the 
full head. The area correction is made in the process of extrape | 


lating the curve. le 


Another method of determining whether an area correction 
needed in stepping up the leakage to the full head is to compar | 


the “‘squeeze”’ deflection of the wicket gates under full operating | 1 


oil pressure with the calculated deflection of the wickets unde | 
full head conditions. If the squeeze deflection is greater that 
the deflection due to casing pressure, no area correction is nece* 
sary. An example of such a computation is shown in Fig. 23 fit | 
one of the units in a hydroelectric plant in New York State. 4! 
this plant the servometer piston travel is limited by a stop whic! 
is so placed that the wicket gates are closed with no squeeze whe! 
the wheel case is empty. The computed deflection of the guit 
vanes with full casing pressure was 0.093 in. resulting in an orifie 
area of 0.233 sq ft and a computed leakage of 28.6 cfs. The actus 
measured leakage per unit under full head as determined by! 
tailrace weir was 29.5 cfs. Other cases of leakage determinati'| 
where the guide vane deflection is a factor in the determinati® 


could be cited, although with the method used in assembling 1 


and adjusting the gate mechanism of modern hydroelectric ums 
such deflection is seldom found to be appreciable. 


It should be noted also that, as a practical matter, extreme cst 


in measuring the leakage is not as a rule necessary. A relative! ; 
large error in the determination of the turbine-gate-leaki# 
quantity affects the turbine efficiency by an insignificant amou 
For example, on a recent test, a possible error in the leaks | 
quantity of as much as 20 per cent of the total leakage repre fi 
sented less than 0.1 per cent in turbine efficiency at the point ® : 
maximum efficiency. 
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DODKIN—FIELD CHECKS OF THE SALT-VELOCITY METHOD 


Epwin A. Taytor.* The results of three check tests at Soro- 
caba show that the salt velocity varied from volumetric by 0.03, 
0.56, and 0.13 per cent, respectively. These results have a maxi- 
mum spread for any one run of 0.5 per cent and an average differ- 
ence between the two methods of 0.25 per cent. 

The results of two check tests at Parahyba show that, for the 
wide range of the tests, salt-velocity and Gibson methods check 
within less than 0.1 per cent. For each unit, the two curves of 
discharge on gate opening coincide at full gate and differ only 
slightly at half gate. 


~ Consulting Engineer, Worcester, Mass. 
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A check test at Serra No. 5, comparing discharge results, 
using three different salt-velocity test sections, shows a maximum 
spread of less than 1 per cent, 0.5 per cent plus and minus. For 
the whole test, the average difference was less than 0.1 per cent. 
These comparative tests covered 24 runs and 130 salt-velocity 
shots. Similar check tests, with equally close comparative re- 
sults, were made at Serra Nos. 3 and 7. 

The writer has made a number of pump- and turbine-efficiency 
tests, using the salt-velocity method of water measurement. 
Several times the results by salt velocity have been checked by 
other engineers, using other methods of water measurement, 


TABLE 7 CHECK OF SALT-VELOCITY TEST RESULTS BY VARIOUS METHODS 
Average Mean 
spread difference 
forall between 

Salt velocity Check runs,b methods,¢ 
No. Location Date Shots method® percent’ -per cent 
1 Sprite Creek, 1924 ll 106 Pitometer 0.94 +0.06 
New York 
2 Walchensee, 1929 4 30 Pitometer 0.77 —0.13 
Germany 
3 Shawinigan, 1922 26 267 Gibson er —0.60 
No. 6, Quebec 
4  Moshier, N. Y. 1929 29 140 Gibson cone —0.10¢ 
5 OW alchensee, 1929 3 24 Current 0.15 —0.13 
Germany meter 
6 Holtwood, Pa. 1930 23 197 Current oan +0.10/ 
meter 
« a Creek, 1931 2 24 Volumetric 0.72 +0.45 
alif 
8 ~~ Mountain, 1939 3 150 Volumetric 0.73 +0.73 
alif. 
Weighted average +0.05 


@ When computing differences in results, the check method is assumed to be 100 per cent 


correct. 
+ Not weighted for signs, plus or minus. 
¢ Weighted for signs, plus or minus. 
@ Results ef individual runs not available. 


¢ Curves showing comparative values for two units appear in a paper® by N. R. Gibson and 


E. B. Strowger. 
‘ “The average discrepancy was less than one 
When the word ‘test’”’ 
runs made at any one power plant or 
hen the word ‘‘run’ 
gate or 
Wh en the werd” 


umpin 


tenth of one per cent.’’ 


is used in this discussion, it refers to the whole series of test 


station. 


is used, it refers to the series of shots and readings taken at any one 
m and while all other conditions remain the same. 
‘shot”’ is used, it refers to a single salt injection into the pipe or penstock. 


© “Experimental and Practical Experience With the Gibson 


Method of Water Measurement,”’ by N. R. 
vol. 57, 1935, p. 224. 
10**Water Gaging for Low-Head Units of High Capacity,” 


ger, Trans. A.S.M.E., 


Gibson and E. B. Strow- 


by 


J. M. Mousson, Trans. A.S.M.E., vol. 57, 1935, pp. 303-316. 


TABLE 8 INTERCHECKING_ WITH SALT VELOCITY 


Salt velocity 
No Location Date Runs Shots 
9 Shawinigan, 1922 6 23 
vo. 6, 
Quebec 
10 1923 4 26 
10A Searsbure, 1923 1 2 
t 
li Davis 1924 4 66 
Bridge, 
11A Davis 1924 2 58 
Bridge, 
Vt. 
12 Tepux- 1931 15 224 
tepec, 
Mexico 


4,6, ¢ These references apply in Table 7. 


Test 
no. 


9 


Description of 


Standard test section: 
Check section: 


heck section: 


Average Mean 
spread difference 
——Test sections—. for all between 
Standard,* Check, runs,> sections,¢ 
ft ft per cent per cent 
500 various 0.48 —0.02 
400 250 0.81 —0.18 
400 18,600 0.10 0.00 
600 300 0.09 +0.09 
600 12,900 0.25 —0.25 
750 300 0.23 0.00 
Average 0.33 —0.06 


test sections 


500 ft concrete pipe, 20 ft diam 
five different channels varying in length 
from 70 to 140 ft, all concrete 


pipe, 8 ft diam 


-stave pipe, 8 ft diam 


12,900 ft concrete tunnel, with horseshoe cross section, 


10 Standard test section: 400 ft steel pipe, 6 it 6 in. diam 
Check section: 250 ft wood-stave 

10A Standard test section: 400 ft steel pipe, 6 ft 6 in. diam 
Check section: 18,600 ft woo 

11 Standard test section: 600 ft steel pipe, 9 ft diam 

heck section: 300 ft steel pipe, 9 ft diam 

11A Standard test section: 600 ft steel pipe, 9 ft diam 

Check section: 
14.5 ft diam 
12 Standard test section: 750 ft steel pipe, 7 ft 2 in. diam 


300 ft steel pipe, 7 ft 2 in. diam 
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and frequently the salt-velocity results have been checked by the 
same method, using different test apparatus and test sections at 
the same plant. 

Tables 7 and 8 show the results of fourteen such check tests 
on salt velocity, two by current meter, two by pitometer, two by 
Gibson, two by volumetric, and six by interchecking with various 
salt-velocity test sections. 

Details of tests, apparatus, and procedure for the check tests in 
Tables 7 and 8 are omitted. The engineers conducting these 
tests were experienced in their lines and the tests were made in 
accordance with the latest accepted practice in each method. 

A summary of the comparative results, shown in Table 7 of this 
discussion, indicates a close agreement between salt velocity and 
current meter, once in Germany and once in Pennsylvania. A 
comparison of the discharge values by pitometer in Germany and 
in New York and by Gibson in Quebec and in New York shows 8 
close agreement with the salt-velocity values for discharge at the 
same plants. 

A comparison of salt velocity with the five volumetric check 
runs in Table 7 shows the results have an average spread for all 
runs of 0.75 per cent and an average weighted difference for the 
five runs of 0.6 per cent. 

While the values for average difference for the Pacific Coast 
volumetric checks are plus 0.6 per cent, the Brazilian volumetric 
checks show an average difference of minus 0.25 per cent. 

The average mean difference, weighted for signs, for the eight 
check tests in Table 7 is +0.05 per cent. 

In analyzing and comparing the results in Table 7, the spread 
and the deviation for runs should be given more weight than the 
average difference in values for the whole test. This average 
difference may mean very little alone. For instance, there 
could be a spread or run deviation in discharge values of 5 or 
even 10 per cent and the mean difference between methods for the 
whole test could still be zero. In that case, attaching much im- 
portance to the mean difference for the whole test becomes very 
significant of the accuracy of the method. This is important in 
field tests for pump and turbine efficiency because, in computing 
final results, curves are drawn to fit the test points and these 
curves do graphically what the average differences in Table 7 do 
arithmetically. 

Table 8 of this discussion shows the results of six check tests at 
four different power plants, using various salt-velocity test sec- 
tions. These test sections varied in length from 300 ft to 3.5 
miles. The average spread for all runs shown in Table 8 was 
0.33 per cent. The average mean difference, weighted for 
signs, for the six check tests shown in Table 8 is minus 0.06 per 
cent. 
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The mean difference for all the check tests shown in both 
Tables 7 and 8, which involve over 100 salt-velocity runs and 500 
shots, is zero. 


AvuTHOR’s CLOSURE 


Messrs. Strowger and Taylor have presented additional data 
showing verifications of the salt-velocity and Gibson methods. 
The assembly of such data is valuable in appraising the degree 
of accuracy which may be expected by these methods. Further 
testing results, where the agreement was less satisfactory, would 
also be valuable. Undoubtedly, attempts to extend the field of 
these methods have been responsible for the majority of tests 
where agreement was relatively poor. A record of these attempts, 
and of the experience gained in overcoming difficulties, is desir. 
able. 

To present one such case the following is submitted: Prior 
to the tests of Parahyba unit 4 described in the paper, preliminary 
tests were made on this unit with both salt-velocity and Gibson 
methods. The electrode setup for the salt velocity was the same 
as in the later tests. The injection station consisted, however, 
of only 12 pop valves placed in the vertical plane of the stop-log 
grooves. The form of the resulting curves was decidedly poor, each 
curve showing 3 peaks resulting from the unequal paths from the 
3 horizontal rows of 4 pop valves each. The results differed from 
the final results given in the paper by an amount varying from 0 
per cent at 180 mm guide-vane opening to +1.6 per cent at 345 
mm guide-vane opening. The use of the salt-velocity method 
in this manner was an obvious but unwitting abuse. Notwith- 
standing, there is comfort in the relative closeness of agreement 
with the later tests made with an improved layout. The pr 
liminary Gibson tests agree very closely with the final ones re 
ported in the paper. 


The suggestions given in the paper regarding mixing lengt! | . 


resulted principally from thought on conditions of testing at the 
Parahyba plant. Mr. Mason, in his study® and in his discussion 
of this paper, and Professor Hooper, in his paper* have contributed 
further to this question. The determination of conditions pr- 
viding a satisfactory mixing and distribution of the salt solution 
in the water channel between the injection valves and the upper 
electrodes would be a suitable laboratory study. It is apparent, 
however, that a requirement relating the number of injectioo 
valves to the cross-sectional area of the waterway is entirely it 
adequate without further stipulations. These probably shoul 
include factors for the channel dimensions, form, roughness, 204 
possibly for the velocities expected. For ordinary commeres 
testing in hydroelectric plants the low velocity limits brought out 
by Professor Hooper are rarely, if ever, encountered. 
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The Viscosity of Superheated Steam 


By G. A. HAWKINS,! H. L. SOLBERG,? anp A. A. POTTER,* LAFAYETTE, IND. 


After discussing the disagreement existing in viscosity 
data for superheated steam as reported by recent investi- 
gators, the authors report the results of a new determina- 
tion of viscosity. A nickel capillary 103.2 ft long was used 
in this investigation. The differential head across the 
capillary was determined by radiographing the mercury 
levels in a steel-tube manometer. Data are reported for 
60 calibration tests and for 61 tests on steam at pressures 
up to 1810 lb per sq in. abs and 1000 F. All of the tests were 
run under steady-flow conditions for a minimum period of 
lhr. Plank’s equation has been modified to express the 


_ results over the entire range of pressures and temperatures 


covered by this investigation. 

Asa result of additional calibration tests made to deter- 
mine the effect of curvature on the capillary constant, the 
results given in this paper supersede those presented at 
the Annual Meeting of the Society. 


N THE year 1925, Speyerer (1)* measured the viscosity of 
| superheated steam by means of a capillary tube at pressures 
from 1 to 10 atm and at,a maximum temperature of 658 F. 
In 1934, Schiller (2) published data on the viscosity of super- 
heated steam as determined from the flow of steam through a 
nozzle. He obtained the relation for calculating the viscosity of 


steam in terms of that of water, by observing the velocity at 


which the discharge coefficient of a nozzle shows an abrupt in- 
crease for water and steam and then equating the two Reynolds 
numbers. Schiller’s curves show one test point at 30 atm, four 


+ test points at 25 atm and other points at lower pressures with a 


maximum temperature of about 540 F. In 1935, the authors (3) 
published data on the viscosity of saturated and compressed 
water at temperatures up to the critical and on superheated 
steam at pressures up to 3500 lb per sq in. abs and temperatures 


» up to 983 F. A modified form of the Lawaczeck (4) viscometer 


was used in which the time of fall of a metal cylinder in an ac- 
curately bored stainless-steel tube was recorded automatically. 


» The results obtained by the authors (3) were in good agreement 
) with those of Schiller and Speyerer. 


In 1934, Schougayew (5) published data obtained by measuring 
the viscosity of steam in a Rankine capillary at pressures up to 
93 atm and temperatures up to 400 C. He concluded that, within 
the limits of accuracy of his apparatus, viscosity was practically 


} independent of pressure. In a discussion of the author’s paper, 
) Schougayew (6) presented a curve, showing the difference between 
) the results for the viscosity of saturated steam, as plotted from 


the author’s data, and similar results obtained in Russia by 
Schougayew and Sorokin. 


‘Associate Professor of Mechanical Engineering, Purdue Uni- 


versity. Mem. A.S.M.E. 


‘ a. of Mechanical Engineering, Purdue University. Mem. 


’ Dean, Schools of Engineering, Purdue University, and Director 
ngineering Experiment Station. Past-President of the 


“periga in parentheses refer to the Bibliography at the end of 
per. 
Contributed by the Special Research Committee on Critical Pres- 
ers and presented at the Annual Meeting, December 
M Pa., of THe AMERICAN SOCIETY OF 
ENGINEERS. 
OTE: Statements and opinions advanced in papers are to be 


of the a individual expressions of their authors, and not those 


In 1936, K. Sigwart (7) published data on the viscosity of water 
and steam as determined by a capillary tube. The results for 
the viscosity of water are in close agreement with those reported 
by the authors. However, the values for the viscosity of super- 
heated steam differ widely from the results reported by the 
authors (3) and, in some cases, disagree by as much as 3 to 1. 

A comparison of the results of several different determinations 
of the viscosity of steam is shown in Fig. 1. H. Speyerer (8) has 
recently published a discussion of the conflicting results which 
have been reported by the various investigators. The wide 
divergence in results has led to a careful examination of the work 
of Sigwart (7) as well as of the apparatus, the technique, and the 
results of the authors; also new determinations of the viscosity 
of superheated steam have been made and are reported in this 
paper. 

Essentially, the method used by the authors in their earlier 
investigation was to measure the time of fall of a cylindrical body 
in an accurately bored cylinder containing a fluid of known vis- 
cosity and to measure the time of fall of the same body in the 
same cylinder containing water or steam under a known pressure 
and temperature. It is necessary that the flow of the fluid in the 


| — 1935 Purdue University Results 
-~-- Sigwart Resu/ts psi AbS 
Schougayew Resu/ts 1500 Ps! 
| 1000} 
Atm 
300 400 500 600 100 800 900 (000 


Temperature, F 


Fig. 1 Viscosity or STEAM aS REPORTED BY RECENT INVESTIGATORS 


annular space between the falling body and the cylinder be in the 
viscous region. This flow was limited in the experiments to a 
maximum Reynolds number of 2100 based on the calibration 
data. The essential data required for a viscosity determination 
by this method are the density of the fluid under test, the density 
and viscosity of the calibration fluid, and the time of fall. It is 
not difficult to measure pressure and temperature and thus com- 
pute density with reasonable accuracy. The viscosity of the cali- 
bration fluids was taken from the International Critical Tables. 
The time of fall was recorded automatically on the strip chart 
of an Esterline-Angus recording milliammeter in a manner which 
eliminated the human element. It is believed that any errors in- 
troduced into the results were due not to errors in measuring 
pressure, temperature, or time, but to incorrect assumptions 
made in developing the theory of the Lawaczeck viscometer or 
due to failure to work with pure steam. 

In developing the theory of the Lawaczeck viscometer, the 
possibility of flow disturbances in the wake of the fall-body was 
not considered. Recent findings in the field of hydrodynamics 
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indicate that such flow disturbances may exist. Considerable 
effort has been expended in a theoretical analysis of the problem 
of tail turbulence and the magnitude of the error due to the neglect 
of this factor. Up to date, a satisfactory solution of the problem 
has not been worked out which would permit a separation of the 
resistance to falling into viscous drag in the annular space around 
the fall-body and turbulence at the tail of the fall-body. Also, 
it may be that, under certain conditions, the motion of the fall- 
body is not translatory but vibratory. 

Sigwart (7) used the capillary-tube method of measuring the 
viscosity of steam and water. Two capillary tubes were used, 
each about 14 in. long. The quartz capillary had an internal 
diameter of 0.375 mm, while the internal diameter of the platinum 
capillary was 0.547 mm. Steam was generated in a small boiler, 
superheated, passed through the capillary, throttled, condensed, 
and weighed. Sigwart states that a brown precipitate formed in 
the condensate after exposure to the atmosphere for some time. 
The differential pressure across the capillary was measured by 
means of a differential-pressure ring balance (9). Sigwart re- 
ports only one short table of original steam data. In this table, 
the maximum and minimum heads, due to the flow of steam in 
the capillary, were 0.247 and 0.184 in. Hg, respectively. It is 
obvious that the accuracy and sensitivity of the balance must 
be of a very high order if dependable results are to be obtained 
from such small heads. 

The differential head, measured by the ring balance, was re- 
ported by Sigwart as being due to the equivalent of (a) flow 
through the capillary of the fluid leaving the system, and (b) 
flow of fluid from one leg of the manometer through the capil- 
lary and connecting tubing to the other leg of the manome- 
ter. The connections from the manometer to the capillary 
were mounted in a horizontal plane. It is obvious that, when 
measuring the viscosity of superheated steam, these manometer 
legs contained superheated steam of varying temperature, density, 
and viscosity; saturated steam and water of varying temperature, 
density, and viscosity. Based on certain assumptions, which did 
not include the variable physical state of the fluid in the ma- 
nometer legs or the length of tubing occupied by the fluid in these 
various states, Sigwart derived an equation from which he esti- 
mated the time elapsed from the opening of the throttle valve on 
the discharge side of the capillary until the pressure drop, as 
measured by his balance, equaled at least 99 per cent of the head 
loss in the capillary. He then took the manometer reading at 
this time interval, computed a correction, and used this value to 
calculate the viscosity. Thus his readings were taken before a 
steady flow state had been established. 


REQUIREMENTS OF A CAPILLARY FOR MEASURING THE VISCOSITY 
or SUPERHEATED STEAM 


In order to check the results of their earlier investigation by 
a different method and to compare the new results with those 
of other investigators, the authors decided to use a capillary 
tube designed and operated in accordance with the following 
principles: 

1 The capillary tube must have sufficient length to give a 
head which could be measured accurately. 

2 The length of the capillary should be great enough so that 
the kinetic-energy correction at the ends would be negligible. 

3 The tube should be made of noncorrosive material of 
sufficient strength to prevent distortion at the highest operating 
pressures and temperatures. 

4 A uniform temperature must be maintained along the en- 
tire length of the capillary. 

5 The manometer must be connected to the capillary in such 
a way that separation between the liquid and vapor phase of the 
fluid would be in the horizontal plane of the capillary. 
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6 In order to eliminate the human element, the manometer 
must be designed and operated to give a permanent photographic 
record of the head. 

7 No readings should be taken until a steady flow state had 
been attained and the record of manometer readings must indi- 


cate the presence of a steady flow state for a test period of at ' 


least 1 hr. 

8 The theoretical constant of the capillary should be checked 
at periodic intervals during the investigation and at the con- 
clusion of the tests by the use of suitable fluids of known vis. 
cosity. 


DESCRIPTION OF APPARATUS 


In accordance with the above requirements, the capillary was 
made from 103.2 lin ft of 0.25-in. outside diam X 0.09294-in. in- 
side diam seamless nickel tubing. The random lengths of tub- 
ing were connected into one continuous length of uniform internal 
diameter by facing each end square, butting it tightly against the 
end of the next piece in a snugly fitting nickel sleeve and welding 
the sleeve to the tube ends. Each joint was radiographed after 
welding to make sure that the ends of the tubes were in alignment 
and fitted against each other to form a smooth internal surface 
The capillary was wound into a coil having a diameter of 2.5 ft, 
covered with a uniformly spaced electric-resistance-heater wir 
and thoroughly insulated. During the course of the investigs- 
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Fig. 2 DiaGRAMMATIC ARRANGEMENT OF APPARATUS 


tion, the capillary was also wound into circle bends with 3“ ‘ 


radius, connected by straight runs about 12 ft long, and was | 
coiled on a 2-ft diam. 
The manometer, made of two vertical legs of extra-hes" 


junction blocks at the ends of the capillary by tubing which © 


mounted in the horizontal plane of the ends of the capillary, 3] ; 
order to avoid any errors due to the variation in the level of *| — 
plane of separation of water and steam between the capillary | 
The manometer was filled half full of mere“! ~ 


the manometer. 


with water above the mercury level. Care had to be used’ 


eliminate all air from the manometer legs and connections du 
the filling process. An X-ray tube was used to radiograph ® — 


mercury levels in the manometer and leave a permanent re" 
on the film which was mounted in back of the tube as show? * — 
Fig. 2. Heads up to 5.5 ft could be measured with this appa 
The boiler was supplied with deaerated distilled water by P* 
ing two tanks, A and B in Fig. 2, between the feed pump an¢® 
boiler. The tanks were connected by pipe at their upper © — 
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and were filled half full of xylol. This liquid will not mix with 
_ water nor contaminate it in any way at low temperatures. 
fore starting a test, boiling distilled water was supplied to the 
 Jower end of tank B and most of the xylol was transferred to tank 


Be- 


A. Then during the test, the pressure from the boiler-feed pump 


- was transferred to the feedwater through the xylol. In this way, 
_ only pure distilled water entered the boiler. 
the tests, the xylol tanks were by-passed and the boiler was fed 
' directly from the pump. The results were not affected by this 
_ change in the feedwater system. 


During many of 


The boiler consisted of a short length of double-extra-heavy 2- 


in. seamless steel pipe closed at each end by welding, set on an 
incline, and fired by a battery of Bunsen burners. Steam was 


superheated by placing an electric heater around a section of 
nickel tubing. The input to this heater was controlled auto- 
matically by a Wheelco Capacitrol and magnetic switch in order 
to maintain a constant steam temperature at the entrance to the 


| capillary. Two calibrated thermocouples, welded into the bottom 


of wells, were placed opposite each other in a thermocouple block 
immediately ahead of the capillary (7; and 7; in Fig. 2) in order 
to determine the steam temperature entering the capillary. 
Twenty thermocouples were provided for reading temperatures 
along the capillary, and the heater winding was adjusted to main- 
tain a uniform temperature from end to end. The steam leaving 


_ the capillary was throttled, condensed in a copper coil, and 
weighed. 


Tue Viscosiry EQUATION FOR THE CAPILLARY 


Poiseuille’s law for viscous flow in a straight capillary, with 


~ allowance for kinetic-energy losses at entrance and exit, may be 
stated as follows 


AP MpQ (1) 
8Q (1 + ») 
where y» = viscosity 
r = radius of capillary 
AP = pressure difference between the ends of the capillary 
Q = volume of flow per unit of time 
l = length of capillary 
M = aconstant 
p = density of the fluid 
A’ = a constant 


For long straight capillary tubes in which the end kinetic-energy 
corrections may be neglected, the equation is reduced to the form 


32ulV 
where V = average velocity 
D = diam of capillary 
Equation (2] may be expressed as 
Dth h 
= 3.60682 —— = C—.............. 
F where = a constant depending upon the dimensions of the 
capillary 
h = in. of mercury measured by the manometer under 
water 
w = weight flow rate 
v = specific volume 


The theoretical constant C for a straight capillary of the diame- 


# ter used in this investigation may be evaluated by substituting 


#» Equation [2] the following units: 


h = actual head loss as measured under water in in. on the 
radiograph 
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lL = 103.2 ft 
D = 0.09294 in. 
w = weight flow rate in lb per sec 
v = average specific volume in ft* per lb 
“ = viscosity in centipoises 
Then C = 26.7276 XK 1077 or 
26.7276 X 10~7h 


wv 


The capillary, 103.2 ft long, was first coiled on a 2.5-ft diam. 
Because of serious heater trouble, this arrangement was aban- 
doned and the capillary was formed into circle bends having a 2- 
ft diam, connected by straight sections 12 ft long. Of the total 
length, 69.6 per cent was straight and 30.4 per cent curved to a 1- 
ft radius. This capillary arrangement has been called coil I in 
this report. Continued heater trouble made it necessary to ob- 
tain a new heater and to coil the entire capillary on a 2-ft diam, 
called coil II in this report. 

For a bent capillary, the work of White (10) and Keulegan and 
Beij (11) indicates that at Reynolds’ number above approxi- 
mately 200, the effect of curvature increases the resistance to flow 
and the capillary constant then becomes a function of the Reyn- 
olds number and the ratio of the diameter of the capillary to the 
diameter of the coil. Equation [3] for the straight capillary may 
be modified to account for curvature by introducing a factor ¢, 
for curvature resistance, or 


where ¢ is some function of the Reynolds number and the curva- 
ture of the capillary. For coil I, which is a combination of 
straight and curved sections 


where h = total head loss in capillary 

h, = head loss in straight sections of capillary 

h, = head loss in the curved sections of the capillary 
Substituting Equations [3] and [5] for the respective head 

losses in the straight and curved sections of the capillary gives 


where C, and C,y are the factors for the straight and curved 
lengths of the capillary. 


Since 3:09682_D* 
L 
then h wv - + . [8] 
L, L, 


The total length of the capillary is 103.2 ft of which 69.6 per cent 
is straight and 30.4 per cent is curved or 


L, = 0.696L and L, = 0.304L 


1 1 
h = pov ———— + ]........ 
3.69682D' 3.69682D"y (9) 
0.696L 0.3041 
0.696 0.304 
hin 
or ( C Ce ) {10} 


where D = 0.09294 in. 
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or = — 
(0.696 4, 0-304 
Ce 
For the straight capillary the value of C = 26.7276 x 1077 
or [12] 
— 
0.0260404 107 + — 
Ce 


where C¢ has the same value as in Equation [5] for a completely 
coiled capillary with the same coil diameter and total length as 
that used in a partly coiled capillary. 


PROCEDURE 


With the throttle valve closed, the capillary was heated elec- 
trically to the desired uniform operating temperature and the 
pressure was raised in the boiler. By adjustment of the boiler 
and superheater input and the steam throttle valve, desired flow 
conditions were established in the capillary. All tests were 1 
hr in length, as measured with a stop watch. The condensate 
was collected during this interval in a glass-stoppered bottle, the 
tare weight of which was known in advance, and weighed on an 
accurate balance at the conclusion of the test. Radiographs of 


Fie. From ACCEPTABLE TEST 


the manometer were taken prior to the start of the flow in order 
to check the manometer zero. During every 1-hr test, radio- 
graphs were taken at 10-min intervals with each exposure requir- 
ing from 20 to 30 sec. Fig. 3 shows a typical radiograph from a 
single acceptable test. Fig. 4 shows a radiograph from a test 
which was discarded because of unsteady flow conditions. If at 
any time during a 1-hr test, unsteady flow conditions were en- 
countered, as evidenced by the cloudy meniscus in Fig. 4 or by 
variations in readings between individual exposures, the test was 
discarded. 


CALIBRATION OF THE VISCOMETER 


Because of the difficulties encountered in measuring accurately 
the mean internal diameter of the capillary, the theoretical con- 
stant given in Equation [4] was checked by calibration tests. 
For this purpose nitrogen, dried in a calcium-chloride tower, and 
water were used for the calibrating fluids. Data for the viscosity 
of nitrogen were obtained from the International Critical Tables 
and the “Handbuch der Experimental Physik.” 
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Data for the vis- ~ 


NOVEMBER, 194 


cosity of water were obtained from the International Critical 
Tables. The calibration tests for water were carried out strictly 
in accordance with the test procedure already described. In the 
nitrogen tests, the flow of the gas was measured by collecting it 
over water at atmospheric pressure in a burette. During a test 
about five 2500-ce samples were collected. If the times required 
for five 2500-cc samples to collect agreed within 1 per cent, the 
test was considered to be of sufficient length to insure accurate 
measurements. 
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Water-calibration data on coils I and II are given in Tables! 5 
and 2, respectively. Nitrogen-calibration tests on coil II ar @ 
given in Table 3. The calibration data may be represented by He 
the curves shown in Fig. 5. For a Reynolds number of less thar 2-1 
2-1 


2000, the theoretical constant of a straight capillary is dependent! 
upon its dimensions only and is 26.7276 10-7 for a capillary d| 
the dimensions used in this experiment. For a Reynolds numbe| — 
of less than 180, the average of all data from Table 2 gives a vali 
of 26.69 10-7 for the capillary constant. For a Reynolé 
number of more than 180, the constant must be modified ft 
curvature as shown in Fig. 5 for coils I and II. 4 
The general equation for the flow of a fluid in a pipe may lt) 
expressed as 


where h = pressure difference between the ends of the pipe 
g = acceleration of gravity 
= friction coefficient 


64 
For the case of laminar flow in a straight pipe \ = Re For | 


curved pipe, the friction coefficient ) is higher at a given Reyno® — 
number than the corresponding value for a straight pipe. Fis' 

shows a plot of the friction coefficient against Reynolds’ num F 
for a straight capillary and for coil II. The solid curve label! — 
coil II is based upon the data of White (10) and all watert® ~ 


bration tests are indicated by points. By a 
Test REsvutts 
The viscosity of superheated steam was determined at p* 
sures from 72.5 to 1810 lb per sq in. abs and at temperature! ~ This 


to 1000 F. The essential data and results for the complete *” 
of acceptable tests are given in Table 4. The results are plot” 
in Fig. 7. 
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TABLE 1_WATER-CALIBRATION TESTS; COIL I, STRAIGHT 
RUNS WITH RETURN LOOPS OF 1-FT RADIUS 
Weight flow Average Differential 
rate, fluid pressure, 
lb per sec temp in. Hg, 
Date w X 104 F under water eC X 107 Re 
3-1-38 13.2 70 7.77 26.7 330 
3-1-38 3.82 70 2.23 26.05 95 
3-3-38 14.6 70 8.99 25.56 365 


TABLE 2 WATER-CALIBRATION TESTS; COIL II, DIAM, 2 FT 


Weight flow Average Differential 
rate, ui pressure, 
lb per sec temp in. Hg, 

Date w X 104 F under water eC X 10° Re 
6-20-38 9.98 92.5 4.61 25.92 328 
6-21-38 20.9 90.0 11.10 23.18 670 
7-22-38 11.94 296.0 2.24 18.37 1476 
7-23-38 14.4 191.0 3.82 20.20 1091 
7-25-38 11.11 475.0 1.76 14.58 2345 
7-25-38 5.84 507.0 0.72 18.38 1298 
7-26-38 8.29 511.0 1.12 16.72 1860 
7-26-38 10.1 400.0 1.56 16.66 1790 
7-29-38 15.1 210.0 3.84 19.31 1258 
8-1-38 10.4 86.0 5.29 25.30 318 
11-26-38 7.99 72.0 4.70 26.10 209 
11-29-38 2.78 71.0 1.61 26.80 71 
11-29-38 7.91 73.0 4.59 26.00 206 
11-29-38 14.1 78.0 8.14 24.58 391 
11-30-38 11.3 78.0 6.41 25.10 313 
11-30-38 13.4 78.0 7.90 24.05 371 
12-10-38 12.1 77.0 6.58 2€ .45 330 
12-13-38 12.3 119.5 4.78 23.50 535 
12-14-38 13.8 181.0 3.81 20.88 965 
12-15-38 12.9 192.0 3.23 21.25 982 
12-16-38 5.25 80.0 2.6 28.99 144 
12-20-38 11.6 130.3 4.20 22.90 557 
12-21-38 14.56 159.6 4.35 22.00 886 
12-22-38 18.7 195.0 5.30 18.44 1451 
12-27-38 17.4 200.0 4.90 18.00 1395 
1-3-39 11.5 73.0 6.74 25.80 299 
1-3-29 18.9 73.0 11.87 24 03 492 
1-3-39 3.53 73.0 1.98 26 91 92 
1-4-39 14.8 69.0 8.85 26.58 366 
4-11-39 1.75 74.5 0.943 27.59 46 
4-13-39 4.17 77.5 2.31 28.38 115 
4-13-39 5.48 76.0 2.98 26.72 14° 
§-2-39 3.18 78.0 1.69 26.75 88 
5-2-39 5.58 78.0 3.03 26.20 154 
5-3-39 2.98 83.0 1.57 25.32 88 
5-5-39 4.75 86.0 2.43 25.20 145 
5-5-39 2.04 83.0 1.06 25.71 60 
1-13-40 29.4 61.3 22.31 23.28 651 
1-14-40 29.8 65.4 22.32 22.25 701 
1-31-40 50.9 72.3 42.65 18.22 1309 
2-1-40 24.5 76.4 16.10 2.00 665 
2-1-40 38.2 76.1 28.30 19.56 1035 
2-1-40 16.65 74.0 10.22 24.30 438 
2-2-40 63.2 75.5 53.30 17.40 1690 
2-3-40 63.5 70.0 56.70 17.58 1589 
2-3-40 2.51 76.7 1.378 26.30 68 
2-7-40 17.19 75.5 10.36 24.32 460 
2-7-40 26.25 75.7 17.25 22.25 706 
2-8-40 29.05 73.0 20.04 21.90 757 
2-9-40 44.50 74.5 33.90 19.47 1180 
2-9-40 39.55 74.7 29.40 19.88 1050 
2-12-40 1.80 74.7 1.024 26.02 48 
2-14-40 62.22 69.0 55.0 17.98 1538 


At pressures above 1500 Ib per sq in. abs, the high pressure 
drop through the throttle valve and the low specific volume of the 
steam made it virtually impossible to maintain steady flow con- 
ditions for a minimum test period of 1 hr. Inasmuch as the 
maintenance of a steady flow state for at least 1 hr, as evidenced 
by successive radiographic exposures of the manometer, was 
specified in advance as one of the criteria to be fulfilled before any 
test data would be accepted, no tests are reported in this paper 
for pressures above 1810 Ib per sq in. abs. 

In 1933, R. Plank (12) presented theoretical equations for the 
viscosity of gases and vapors. In the development, he showed 
that the thermodynamic equation of state may be expressed 


RT b b? 
P= 
v v v 
By analogy, from this equation he states that 


b b? 
v v 


- This equation may be written 


(15) 


TABLE3 NITROGEN-CALIBRATION TESTS; COIL II, DIAM 2 FT 


Average 
volume 
rate of Average Initial Differential 
flow, fluid pressure pressure, 
Q X 104 temp of gas, in. Hg 
Date ft? per sec F psi abs under water gC X10? Re 
3-5-40 3.27 70.8 58.46 2.990 19.47 1281 
3-9-40 2.45 84.85 58.47 2.135 20.90 917 
3-9-40 2.45 85.0 58.47 2.125 21.05 914 
3-9-40 3.915 85.0 58 .47 3.895 18.34 1446 
3-9-40 4.01 77.35 58.47 3.97 18.29 1492 
3-10-40 3.98 77.29 58.5 4.02 17.92 1490 
3-10-40 3.99 78.0 58.5 4.05 17.84 1492 
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Fie. 6 VARIATION IN FRiIcTION COEFFICIENTS WiTH REYNOLDS’ 
NuMBER FOR STRAIGHT AND CURVED CAPILLARIES 
where A, B, C, D, and E are constants 


t = temperature of vapor 
v = specific volume of vapor 


Equation [13] may be fitted to the results of this investigation 
(for maximum pressures of 1500 lb per sq in. abs) in the follow- 


ing form 


0. 
= (13.421 + 0.01412) (: + ou) 10-?. . [16} 


where » = viscosity, centipoises 
t = temperature F 
v = specific volume, cu ft per lb. 
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11.90 355 
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TABLE 4 STEAM TESTS 


Weight flow 
rate, 
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per sec, mp 
w X 105 F 


Initial 
pressure, 
psi abs 

72.5 


Differential 
pressure, 
in. Hg 


1500 Px Aas 
3 20 
400 600 700 800 poo 1000 


TEMPERATURE, F 


Fic. 7 Tue Viscosity or STEAM 
(1939 Purdue University values.) 


Equation [16] gives results which are in agreement with the 
smoothed values reported in this paper as shown in Table 5. 
Except for the 100-lb per sq in. abs pressures, the maximum 
deviation between the computed and smoothed results is 3 per 
cent. For the case of 100-lb per sq in. pressure the deviation is 
less than 3 per cent for temperatures ranging from 700 F to 1000 
F but increases to 6.5 per cent at 400 F. The constants of Equa- 
tion [16] are based upon the smoothed values reported in this 
paper for a maximum pressure of 1500 lb per sq in. abs, and it is 
probable that, at higher pressures, the variation in the specific 
volume of superheated steam is too complex to be expressed by 
the three terms of the equation. 

Values of absolute viscosity have been obtained from Fig. 7 
and tabulated in Table 6, together with the computed kinematic 
viscosity and several convenient conversion factors. 

The viscosity data reported in this investigation are consider- 
ably lower at the high pressures than those presented by the 
authors in 1935. The higher 1935 values are probably due to end 
effects and wake turbulence of the fall body in the Lawaczeck 
viscometer. 
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TABLE 5 COMPARISON OF PURDUE UNIVERSITY 1939 SMOOTHED STEAM-VISCOSITY VALUES WITH THOSE OBTAINED BY SUB- 
STITUTION IN EQUATION [16] ‘ 


per 8q 

~ abs, 
emp 
F 


400 
500 
600 
700 
800 


900 
1000 


——100—. ——200-—— -——400— 
Com- Com- Com- 
1939 puted 1939 puted 1939 puted 
18.5 19.7 20.2 20.4 
20.0 21.1 21.2 21.8 23.2 23.1 
21.6 22.4 22 ‘ 24.4 24.2 
23.2 23.9 24 24.5 25.6 25.7 
24.9 25.3 25 25.9 27.0 27.0 
26.6 26.7 27 27.2 28.4 28.3 
28.3 28.0 28 28.6 29.8 29.7 
——100—— ——200— ——400—. 
v 
ft? ft? 
cP X persec cP X persec X per sec 
10 x 105 10? xX 105 103 105 
18.5 6.14 3.21 
19.3 6.84 3.53 22.6 
20.0 7.53 3.96 23.2 
20.8 8.27 4.27 23.7 
21.6 9.04 4.65 24.6 
22.4 9.84 5.07 25.0 
23.2 10.67 5.48 25.6 
24.1 11.57 5.92 26.3 
24.9 12.48 6.39 27.0 
25.8 13.45 6.83 27.7 
26.6 14.38 7.32 28.4 
27.1 15.23 7.83 29.1 
28.3 16.48 8.34 29.8 


25.0 25.9 25.7 27.4 27.0 28.8 28.0 32.3 32.3 
26.3 27.1 26.9 28.5 28.3 29.7 29.3 32.7 32.8 
27.6 28.3 28.1 29.5 29.3 30.7 30.4 33.4 33.1 
28.9 29.6 29.4 30.6 30.5 31.7 31.6 34.2 34.2 
30.2 30.9 30.8 31.8 31.8 32.8 32.9 ge 


TABLE 6 THE DYNAMIC AND KINEMATIC VISCOSITY OF STEAM 


ft? ft? ft? ft? ft? 
persec cP X persec cP X persec cP X persec cP X per see 
x< 105 103 xX 105 108 xX 108 103 x 105 103 x 10 
1.78 25.5 1.50 27.0 1.12 28.4 0.866 sa ves 
1.95 25.9 1.65 27.4 1.25 28.8 0.996 32.3 0.611 
2.12 26.5 1.80 28.0 1.38 29.2 i.e 32.5 0.727 
2.30. 27.1 1.95 28.5 1 61,22 32.7 0.818 
2.49 2.7 29.0 1.62 30.2 1.319 33.1 0.902 
2.67 28.3 2.26 29.5 1.74 30.7 1.42 33.4 0.978 
2.86 29.0 2.43 30.1 1.86 31.2 1.52 33.8 1.06 
3.05 29.6 2.59 30.6 1.98 31.7 1.62 34.2 1.18 
3.25 0.2 2.75 31.2 2.10 32.3 1.73 
3.46 30.9 2.93 31.8 2.24 32.8 1.83 


1 poise = 100 centipoises = 0.0672 lb sec! ft~! = 0.00209 lb sec ft~? = 1 dyne sec cm~*? = 0.0102 kg sec m~* = 0.1 kg sec™! m~!, 
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of the capillary. Dr. Max Jakob of the Armour Institute of 
Technology has been most helpful in connection with the solution 
of certain problems encountered in analyzing the results. 
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Discussion 


E. F. Les.’ For the analytical representation of their data 
on the viscosity of superheated steam, the authors rely on Equa- 
tion [14], as recommended by R. Plank. This equation has been 
derived from the kinetic theory of gases for the viscosity at high 
densities, where the space occupied by the molecules is of the 
order of magnitude of the gas volume, and the transfer of momen- 
tum occurs at collisions as well as between collisions. Definite 
values have been derived for all constants in Equation [14] and, 
due to their significance, these constants are essentially posi- 
tive. However, the constants in the authors’ Equation [16] have 
nothing in common with these theoretical values and one con- 
stant is even negative. Therefore, the latter equation becomes 
purely empirical. The reason for the failure of Equation [14] is 
that, in the range investigated by the authors, the state of the 
vapor is that of moderate density, where the volume of the mole- 
cules is of minor importance, and the increase of the viscosity 
over the corresponding gas condition is mainly due to the forces 
of attraction between the molecules. 

The viscosity of a vapor can, in first approximation, be ob- 
tained as follows: From the kinetic theory, we have the funda- 
mental relation for the viscosity 


where p = density, 1 = mean free path, z = number of collisions. 
In the perfect gas condition 


* Combustion Engineering Company, Inc., New York, N. Y. 
Mathematical Theory of Non-Uniform Gases,” by S. Chapman 
and T.G. Cowling, Cambridge University Press, London, 1939, p. 288. 


whence the viscosity of the perfect gas, with 1 = his 


wo = 1/spC9 l [19] 


where ¢p is the mean velocity of the molecules due to the thermal 
agitation. 
The kinetic theory gives 


and 
v 
Io [21] 


where g = acceleration of gravity, R = gas constant, D = di- 
ameter of molecule, b = van der Waals’ sphere of exclusion, v = 
specific volume. Thus, uo depends only upon the temperature 7’. 

Assume the density to be such that only binary encounters 
between the molecules occur. Consider a molecule midway be- 
tween two collisions, where it will travel with the velocity co. 
While approaching the object of its next collision, it enters the 
field of attraction and experiences an acceleration. Thus, the 
velocity will be greater than co, and then, according to Equations 
[18] and [17] of this discussion, the number of collisions and 
hence the viscosity will be greater than in the gas condition. 

To calculate this acceleration effect, we use a method similar 
to that by which Sutherland investigated the effect of the attrac- 
tion on the mean free path. If u(r) is the potential energy of a 
molecule with respect to another molecule in the distance r, the 
force of attraction is 


de 
F(r) = —m— 
(r) 
du dc 
or = ~ [23] 
where m = mass of the molecule, t = time. 
Equation [23] can be written 
d 1 
de = — du 
Since also 
d 
[24] 
we have 
2cde = — du 
m 


Integration gives the instantaneous velocity of the molecule 


The time required to travel the distance dr is, from Equation 
[24] 


2 
\- u(r) + 


Assume the potential energy u to decrease from a maximum e¢ 
with some inverse power of the distance r 


[26] 
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where ¢ is given by Equation [20]. If we introduce 


r 

R= D 
and 

2e 

3mgR 
we have 
dt = — = (28] 
7k 


The kinetic theory gives for the mean free path at moderate 
densities 


Then the path from midway between collisions to the next colli- 

sion is a -. At collision, the distance between the centers of 

the molecules is D; consequently, we extend the integration from 
1 3 1h 3 

r= Dtor = + 7 D, or from R =1toR +7 Then 


we obtain from Equation [28] for the time elapsed between two 
collisions 


1h, 3 
2D dR 
— ————............. {30} 
Co 8 1 41 
1 
while the number of collisions is given as 
1 
[31] 


Equation [30] permits an exact integration forn = 2. Though 
the actual value of n may be greater, the error introduced by the 
choice n = 2 will be noticeable only at high densities, since it 
corresponds to a less rapid decrease of the potential energy with 
the distance between the molecules. Any value of n greater than 
unity is compatible with the equation of state for vapors, as de- 
rived by the writer from statistical methods, due to the particular 
type of molecular clusters chosen.’ 

The effect of this choice on the viscosity at moderate densities 
is negligible, and we obtain by integration of Equation [30], be- 
tween the limits described, forn = 2 


and from Equation [31] 


1 “Thermodynamic Properties of Vapors,’ by E. F. Leib, presented 
at the Spring Meeting, Worcester, Mass., May 1-3, 1940, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 
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Substitution of Equation [21] into Equation [29] gives for the 
mean free path 


If we now substitute Equations [32] and [33] into Equation [17), 
we obtain 


or, with the aid of Equations [19] and [21} 


2 
4b v 
u = HO 
+3) +8- 
4b 64 


Equation [34] is the relation between the viscosity at moderate 
densities and the viscosity in the gas condition at the same tem- 
perature. The quantity b can be identified approximately with 
the smallest volume which the liquid substance can assume witb: 
out being compressed; i.e., for H,O, b = ~0.0160 cu ft per lb 
The quantity 6 was taken as an average calculated from Equa- 
tion [34] with the 1939 Purdue test data of the viscosity of stean 


and was obtained as 
6 = 19,000 F 


With these constants, Equation [34] represents the test dats 
with a deviation of a few per cent only. Due to the derivatior 
from kinetic conceptions, this equation can be expected to repre 
sent the viscosity of steam far beyond the 1500-lb per sq in. limi 
reached in the 1939 Purdue experiments. 


G. H. Van Hence .® Recently, Russian results* have bee! 
published which differ with the results of the authors and other 
previous investigators. The many differing test results by all the 
various experimenters indicate the great difficulty in determin 
ing the viscosity of steam (8). It seems that the capillary 
tube method has inherent difficulties, some of which the write 
will here review. 

First let us consider the mechanical difficulties of the capillar 
The authors have eliminated the complication of the entrance an 
exit losses of the capillary by taking a long capillary. This @) 
away with the corrections investigated by Schiller." 

They introduced, however, some other problems, viz., th 
effect of the curvature of the coil and the problem of determini=t 
the tube diameter. 


A pD 
very important one as \ = 25.103 a 


8 Mechanical Engineer, The Detroit Edison Company, Detro" 
Mich. Mem. A.S.M.E. 

***Viscosity and Heat Conductivity of Steam for High Temper | 
tures and Pressures,” by D. L. Timrot and N. B. Vargaftik | 
Russian), Journal of Technical Physics U.S.S.R., vol. 9, no. 6, 19° 
pp. 461-469. 

10 Numbers in parentheses refer to the Bibliography at the end © 
the authors’ paper, page 683. 

“Untersuchungen tiber Laminare und Turbulente Strémuns 
by L. Schiller, Forschungsarbeiten auf dem Gebiete des Ingenieurwese™ 
heft 248, 1922. 


Accurate determination of the diameter is: > 
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and Re is inversely proportional to D, where \ = a dimensionless 
resistance coefficient, D = inside diameter in ft, W = weight flow 
rate in lb per sec, and v = specific volume in cu ft per lb. 

The problem of the coil curvature has been investigated (10) 
and (11) but none had a coil of such a length or of such a heavy 
wall. Because it forms an oval cross section, the bending of a 
thick-wall tube may affect the tube diameter and cross-sectional 
area far more than previous investigators found.'? This defor- 
mation reaches larger proportions at higher internal pressures, an 
indication of which can be found in an article by Dean.'* This 
deformation may even affect the \ vs. Re curve for the coil.'* 

The determination of the inside diameter of the tube presented 
another problem with such a long coil. The inside diameter 
actually measured before the bending was 0.091 in. but the inside 
diameter after the bending could not be measured directly. The 
internal-volume determination with a liquid gave too large a 
diameter, due to the filling up of the connections between the dif- 
ferent tube lengths. Gas-volume determination did not seem to 
offer higher accuracy. Thus, finally, the tube diameter of 
0.09294 in. was established by using White’s formula'* and the 
authors’ 1940 calibration tests with water shown in Table 2 of the 
paper under the assumption of a round capillary. Deviations up 
to 5 per cent occurred for unknown reasons in the \ values. 

In the paper, the influence of the temperature on the expansion 
of the nickel tube has been neglected, although this affects the 
computation of the viscosity by 3 per cent at the highest tem- 
peratures of 1000 F. 

Another difficulty is brought out by Keulegan and Beij!? that 
a little sag in a straight capillary contributes to large changes in 
friction coefficients. Here the coil was wound at random and was 
not at all the case of a coil in a horizontal plane. 

The effect of the foregoing deviations, on which the viscosity 
calculation of steam is so vitally dependent, should have been 
established with the calibration test before the final steam tests 
could proceed. 

But these mechanical deviations may not be the only items of 
great importance, because of other difficulties presented by ther- 
modynamic problems. In the first place, among these is the 
effect of nonisothermal conditions in the viscous flow of incom- 
pressible fluids on the friction coefficient.’*® The slightest heat 
transmission will affect the parabolic velocity pattern consider- 
ably and thus influence the friction coefficient. 

In the case of compressible fluids, there is added to the fore- 
going problem yet another one, i.e., the knowledge of the proper 
relationship between the pressure drop and the friction coef- 


ficient. This relationship will be different for the isothermal and 
adiabatic cases.?¢ 


" Bibliography (11), p. 96, and (10), p. 652. 

‘8 “Distortion of a Curved Tube Due to Internal Pressure,” by 
W. R. Dean, Philosophical Magazine and Journal of Science, vol. 28, 
Oct., 1939, pp. 452-464. 

“ Bibliography (10), Fig. 6, p. 657. 

* “Determination of the Internal Volume of Steel Capillaries for 
Measurements With Gases,’’ by J. Kaminsky and B. E. Blaisdell, 
Review of Scientific Instruments, vol. 10, Feb., 1939, pp. 57-58; see 
also correction, ibid., May, 1939, p. 151. 

‘© Bibliography (10), p. 663. 

" Bibliography (11), final paragraph, p. 98. 

“Pressure Drop and Velocity Distribution for Incompressible 
Viscous Non-Isothermal Flow in the Steady State Through a Pipe,” 
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Sons, Ine., New York, N. Y., 1939, pp. 571-577. 
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stein, vol. 2, McGraw-Hill Book Company, Inc., New York, N. Y., 
1927, p. 1026 
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Fic. 8 Comparison or Purpue Test VaLues WITH THE 1939 
PuRDUE SMOOTHED VALUES OF THE ABSOLUTE VISCOSITY OF STEAM 


Perhaps one or more of these questions may play an im- 
portant role in interpreting the results because, if the data of 
the authors’ Table 4 were plotted in Fig. 7 of the paper, as in the 
case in the writer’s curve Fig. 8, it will be noted that several 
points have a viscosity which deviates more than 10 per cent from 
the smoothed values given as curves in Fig. 7. This may be 
partly due to the two different coils that were used, but as long 
as that effect is not established other causes may exist. 

Checking up Plank’s formula results with the final smoothed 
values is only a matter of determining constants and is of no great 
importance in view of the deviation of the smoothed values from 
the actual test results. The smoothed values should therefore 
be used with great reservation. 

For the reasons mentioned, the precise method of determining 
steam viscosities with capillaries must be more fully examined 
and developed before we can consider the values obtained as final. 

Now that the authors are equipped with the experience of their 
published experiments, let us hope that they will once more go 
into this problem of fixing the values of the viscosity of steam. 
For pressure-drop calculations, the authors’ values will be useful, 
but for calculations of nozzle flow, heat transfer, and the like, a 
higher accuracy is desirable. 


F. G. Keyes.” Shortly after the publication of the measure- 
ments of steam viscosity by the authors (3) over a wide range of 
temperature and pressure (420 C:240 atm), a paper appeared 
by Sigwart,?* reporting measurements considerably lower than 
those obtained by the American investigators. Recently the 
first investigators** have again measured the viscosity properties 
of water using the “‘capillary-flow” method of Poiseuille, whereas, 
the earlier results were obtained by observing the time of fall of a 
metal cylinder in a tube filled with steam. Both of these investi- 
gations were carried through with care and with the use of in- 
genious controls. The results are in substantial agreement, 
albeit the capillary-tube results do not extend over the wide pres- 
sure range reported upon in 1935. It is now established that the 
low results of Sigwart do not represent the true viscosity of 
steam. 

The object of the present comment is to indicate that the en- 
tire ensemble of results by the authors may be simply correlated 
as a temperature function of the low-pressure viscosity of steam 
plus a function of the pressure only. 

There are few data available for the viscosity properties of 


21 Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology, Cambridge, Mass. 

22 ‘*Messungen der Fahigkeit von Wasser und Wasserdampf bis 
ins kritische Gebiet,”” by K. Sigwart, Forschung auf dem Gebiete des 
Ingenieurwesens, vol. 7, 1936, pp. 125-140. 

23 Preprint of this paper as presented at the 1939 Annual Meeting. 
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gases over any considerable pressure range*‘ and the theory along 
classical lines has been mainly developed by Enskog* to a first 
approximation employing the van der Waals concept of the molec- 
ular field. The expression obtained for the viscosity 7 is 


7 = (3 + 4/5 b/v + 0.7614 


no is the viscosity as a function of temperatures at low (zero) 
pressure and 3 = (1 + 5/8 b/v + 0.2869 b?/v?); the symbol b 
denoting the van der Waals quantity, 4 times the volume of the 
molecules. The formula was applied successfully to the data for 
CO2. 

From the computational point of view, a formula in the vari- 
ables T and v is less convenient for engineering purposes than one 
in T and p. The writer accordingly attempted in a wholly em- 
pirical way to obtain such a formula and it appears that the 
following equation** represents the authors’ results 


n = no + (0.03103 — 3.65 X 10-5p)p X 10-*...... [35] 


In Equation [35], the viscosity is expressed in poises and the 
pressure in atmospheres (14.696 lb-in.—*?). The quantity 1 is 
the viscosity of steam for pressures approaching zero. The 
quantity 70 can be represented by the following equation com- 
monly referred to as the Sutherland formula 


1.851 10-5(T7)'/2 


24‘*The Viscosity of Gases at High Pressures,” by R. O. Gibson 
and H. J. Paris, Amsterdam, 1933. 

2 ‘*Kinetic Theory of Heat Conductivity, Viseosity, and Diffusion 
in Certain Condensed Gases and Liquids,’”’ by D. Enskog, Kongl. 
Svenska Vetenskaps-Akademiens Handlingar, Stockholm, vol. 63, no. 
4, 1922, p. 63. 

2 ‘*Thermodynamic Properties of Steam,’’ by J. H. Keenan and 
F. G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 
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The constants of Equation [36] were obtained by least-square 
procedure using all available low-pressure data.?? 
Equation [35] may be transformed to the form 


Sa (37) 


cs 


It is clear that if Equation [35] is satisfactory, the function Z 
computed from the data should be linear in the pressure. Fig. 9 
of this discussion shows the 1935 data which extend to 240 atm 
and indicates that the linear relationship is satisfied. There is 
moreover no detectable temperature influence left unaccounted 
for. 

The new data lie in general below the older results but are con- 
firmatory in general of the older measurements. The upper left 
portion of Fig. 9 shows the later data Z function plotted for con- 
stant pressures with temperature as the abscissas. There is 00 
pronounced trend. 

The upper right portion shows the data for low (zero) pressures 
plotted as follows: Equation [36] may be written in the form 


+ If the square root of the absolute temper 
ture is divided by the viscosity, the quantity should vary linearly 
in reciprocal absolute temperature.*® 

The experimental data are seen to be adequately represented 
by the Sutherland formula of which the constants in Equation 
[36] were determined by least-square procedure. The dotted line 
represents in the same coordinates the low-temperature visc0s- 


2 ‘‘An Experimental Study of the Viscous Properties of Wate! 
Vapor,” by C. J. Smith, Proceedings of the Royal Society of London, 
Series A, vol. 106, 1924, pp. 83-96. 

* ‘The Sutherland Viscosity Constant and Its Relation to th 
Molecular Polarization,” by F. G. Keyes, Zeit. fiir Physikal 
Chemie, Cohen-Festband, vol. 130, 1927, pp. 709-714. 
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ties computed from the formula (10.74 + 0.0178t) employed by 
the authors. 


SUMMARY 


1 The authors’ new viscosity data do not indicate that any 
change in the earlier viscosity Equation [35] is necessary. 

2 Equation [35] reproduces the viscosity of steam in relation 
to all the authors’ results within the limits of experimental error. 


COMMENTS 


The foregoing discussion was prepared on the basis of the vis- 
cosity of steam data given in Table 6;** these results extend to 
about 123 atm. It is intended to show that the results are in 
tolerable agreement with the 1935 data obtained by a method 
different from that employed in 1939. The 1935 data extend to a 
pressure of 239 atm or nearly twice the range of the later results. 

Recently, corrections have been applied to these data,?* re- 
sulting in a considerable reduction in their magnitude. For ex- 
ample at 801 F and 123.2 atm, 3.83  10~‘ poises is the corrected 
1940 result. obtained by correcting the December, 1939, datum, 
which is 5.384 X 10-4 poises; roughly 40 per cent greater. It is 
therefore clear, since the uncorrected 1939 results are in fair 
agreement with the 1935 results, that a serious error affects the 
1935 data. The authors note this fact. 

An examination of the new data using the form of Equation 
[35] indicates that the corrected data may be represented within 
the limits of accuracy. The formula is as follows 


n = no + (0.0151 — 5.9 X 10-8 p**™) p™™ x . [38] 


The formula for no is the same, i.e., Equation [36]. 

If the viscosity of steam at 239 atm 788 F is computed using 
Equation [38], the number 2.67 X 10~‘ is obtained. The 1935 
result is however given as 7.30 X 107-4 which would imply that 
the Lawaczack method gave a result nearly 190 per cent greater 
than that which the capillary method might give. The extra- 
polation using Equation [38] to 239 atm (nearly twice the range 
upon which this equation is based) may of course be subject to 
great error. 


R. C. H. Hecx.** The object of this discussion is to set up an 
argument in terms of simple kinetic theory, for the necessary in- 
crease of gas viscosity with pressure and with temperature. 

As to the detail of its mechanism, viscous action within a gas 
is distinctly different from that in a liquid. In the liquid, the 
shear stress of viscous resistance and the compressive stress of 
pressure reaction are both phenomena of molecular contact; 
but, in the gas, they are impact effects of molecules in free trans- 
latory motion. Of molecular motions and interactions in the 
liquid phase we have but vague concepts, knowledge (of over-all 
kind) coming wholly by observation and empirical determina- 
tion. The free and simple motions of gas molecules can be rea- 
soned in large degree; at least far enough to account for the major 
component of behavior that will yet require experiment for close 
determination. 

First comes a brief outline of a part of the course of reasoning 
that leads to the gas equation pv = RT’, taking the simplest case 
of a single gas with molecules all of the same mass m, having the 
mean velocity u. Imagine a cubic unit of gas enclosed by walls 
that are perfectly elastic and infinitely fine in structure, so as to 
be perfectly flat even to molecules. With n molecules in this 
cube and velocity u in terms of the edge of the cube as linear unit 
and per second, the number of impacts per second on the square 
Side is nu/2. These impacts are in all directions, but the mean 
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normal component velocity is u/3. Then it is as if a stream of 
fluid having the mass velocity mnu/2 were flowing squarely 
against the unit surface with velocity u/3 and momentum 
mnu?/6. This stream is brought to zero velocity by impact and 
then completely reversed by elastic rebound; an action made 
possible by the mechanism of real molecular motion, to which the 
stream concept is merely an over-all equivalent. The effect of 
impact is now a unit pressure of the value 


Since mn is the same as density p, the mass per unit of volume and 
equal to 1/v, the relation becomes 


[40] 


This pv is magnitudinally equal to */; of the kinetic energy of all 
the molecules in the unit of mass, but physically it is an inertia- 
force effect. The final step of making absolute temperature 7 
proportional to u? goes beyond the needs of the present discussion. 
In a gas mixture, molecules of different mass m are put on an equal 
basis by the fact that mean energy mu?/2 must be the same for 
all molecules at a given temperature. 
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Fig. 10 CHART OF THE 1935 PunDUE RESULTS 


Considering gas in motion, i.e., in mass motion, three forms of 
simple streamline flow are to be distinguished, as follows: 

1 Ideal uniform flow, as in a “frictionless” straight channel, 
with progressive velocity V the same at all places in the current. 
Completely random molecular velocity continues to be distributed 
throughout the moving body of gas just as if this were standing 
still; and the total or absolute velocity of each molecule (with 
reference to the fixed channel) is the vector sum of the particular 
u within the current and the general V of the current. 

2 Growing velocity of flow, as in current acceleration or jet 
formation, with V increasing and mean u decreasing as pressure 
falis. Flow velocity V is uniform over sur‘aces of like state across 
the current. 

3 Viscous or ‘laminar’ flow, in which V is constant along any 
line of flow but varies across the current. This is the kind of 
motion in which we are now interested. 

In laminar flow, consider a surface of equal velocity V, which 
is a cylinder in either of the viscosimeters used at Purdue. This 
surface is now to be purely geometrical, offering no impedance to 
the passage of molecules. Across the surface, momentum is 
being carried at the rate mnu?/6 figured for pressure effect. Also, 
across the surface (with dimension y in that direction) there is 
the velocity gradient dV /dy. 

Next, consider the cross-stream of molecules from lower to 
higher V; these must be accelerated in the flow direction, hence, 
exert an inertia reaction against the higher-velocity stream. 


p = mnu?/3.. [39 
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Similarly, the cross-stream from higher to lower velocity must be 
retarded, with a forward pulling inertia effect. The two reactions 
combine to oppose relative motion of the parallel-flow streams; 
and the amount of this opposition, due to a deflection of momen- 
tum on account of gradient dV/dy, is proportional to the total 
momentum which manifests itself in pressure p. Since in any 
rate of streamline flow, velocity V will be very small relative to 
molecular u, viscosity is a very feeble force action in comparison 
with gas pressure. 

In Fig. 10 of this discussion is shown a chart of absolute vis- 
cosity «, interpolated from Figs. 9 and 10 of the 1935 paper (3). 
The stage of argument thus far reached, with the conclusion 
(partial) that u should be proportional to V, would require that 
the constant-pressure lines be horizontal and that they be equally 
spaced vertically. It becomes necessary then to perceive some 
further influence which will account for the actual behavior seen 
in Fig. 10 of this discussion; and this is found in the matter of 
mean length of path of molecule between impacts. The modify- 
ing effect of path length is argued thus: 

With rise of pressure along the isotherm, the increase of density 
p shortens the mean path; with a shorter path across the flow 
direction or in the direction of velocity gradient, there is smaller 
change of the V component of the total molecule velocity; and 
therefore the increment of » with p lessens as the pressure is 
higher. 

Along a p-constant line, smaller density with higher tempera- 
ture lengthens the path of the molecule, hence there is greater 
change of momentum in the direction V, and u rises with the 
temperature. 

In Fig. 10 the dot-and-dash curve is the handbook curve of « 
for air, at or near atmospheric pressure. 

From the simple reasoning thus completed it is not possible to 
make a quantitative prediction; it is explanatory rather than 
determinative; and a theory of full quantitative capability 
would be far more elaborately mathematical. Also, for steam asa 
superheated vapor or a gas near to saturation, there is the further 
influence of departure from ideal-gas behavior. 

[An additional discussion of the paper, as presented in preprint 
form at the 1939 Annual Meeting of the Society, was received 
from J. R. Finniecome of Manchester, England. Since revisions 
were made in the original paper, it has been impossible to com- 
municate these to him in order that he might have the oppor- 
tunity to revise his discussion. Therefore, it is with regret that it 
has been found necessary to omit his contribution at this time. 
Eprror.|} 


AvTHoRS’ CLOSURE 


The discussions of Messrs. Lieb and Keyes are very interesting 
because different types of equations are developed which closely 
represent the smoothed values presented in the paper. Dr. Lieb’s 
equation, based on the kinetic theory, should permit extrapola- 
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tion of the results to pressures much higher than the upper limit 
of the experimental data reported by the authors. 

Mr. Van Hengel has contributed a very thorough and valuable 
discussion of the difficulties encountered in measuring viscosity 
by means of a capillary tube. His remarks should be of great as- 
sistance to any person interested in experimental work in this 
field. 

Possible deformation of the cross-sectional area of the capillary 
on bending to a one-foot radius is one of the mechanical difficul- 
ties mentioned by Mr. Van Hengel. Five sections have been cut 
from the capillary coil, the ends have been polished perpendicular 
to the coil tangent, and enlarged photographs have been made of 
the tube cross section at a magnification of 100 diameters. The 
photographs do not show evidence of deformation of the circular 
cross section at any of the five sections investigated. 

Mr. Van Hengel discusses the difficulty of accurately measur- 
ing the internal diameter of the capillary and points out that the 
fifth power of the diameter appears in the general flow equation 
of Blasius. The constants in the authors’ Equations [4], [5), 
and [12] and the calibration data of Fig. 5 are based on a particu- 
lar numerical value of the diameter. If the actual diameter of 
the capillary remains constant and the same value for the diame- 
ter is used in all computations involving both calibration and 
test runs, the final values for the viscosity of steam as computed 
by the method of the authors are independent of the numerical 
value used for the diameter. 

Mr. Van Hengel mentions the effect of temperature on the di- 
ameter of the capillary. This has been considered in computing 


the Reynolds numbers used in connection with Fig. 5, but its | 


effect upon the curves in Fig. 5 has been neglected. Thus a par- 
tial correction has been made and errors due to neglect of expan- 
sion of the capillary at high temperatures are considerably less 
than those indicated by Mr. Van Hengel in his discussion. The 
use of the general Blasius equation with friction coefficients in the 
form shown in Fig. 6 would have made the correction for expan- 
sion simple and complete but the final results would have de 
pended upon the fifth power of the diameter of the capillary. To 
summarize, then, the method of computation used by the au- 
thors gives viscosity data which are independent of the numerical 


value assigned to the diameter of the capillary if this diameter ¥ | 


constant, but complete corrections for changes in the actual d- 
ameter with temperature, while small, are nevertheless almost im- 
possible to make. The method preferred by Mr. Van Henge 
of using the Blasius equation makes it possible to correct com- 


pletely for changes in capillary diameter with temperature, bu! 


the numerical value of the diameter to the fifth power enters 


rectly into the results at all temperatures and therefore neces | — 


tates a precise determination of the diameter. 

In conclusion, the authors wish to thank all of those who hart 
presented oral or written discussions for their interest, comments 
and constructive criticisms. 
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Steam-Turbine Blading 


By R. C. ALLEN,' MILWAUKEE, WIS. 


This paper reviews the blading-design practice associ- 
ated with modern high-pressure high-temperature steam 
turbines. The design problems encountered in the de- 
velopment of partial-admission impulse blading for top- 
ping units are described, as well as the current engineering 
practice employed in the manufacture of such blading. 
The stress analysis used in the construction of full- 
admission blading is reviewed. The design procedure 
adopted for high-tip-speed last-row blading and the 
natural limits in capacity imposed on 3600-rpm turbine 
construction are also discussed. Materials for turbine 
blading are considered, as well as the metallurgical prob- 
lems associated with the fabrication and welding of the 
high-grade alloy steels now available. 


INTRODUCTION 


h | OZZLES and blades for large steam turbines may be classi- 
fied inclusively as elements incorporating a series of curved 
passages which control and direct the power-producing 

phases of the steam flow through the turbine. The general func- 
tion of the steam passages is twofold: (1) The kinetic energy in 
the carry-over velocity from the preceding stage must be effi- 
ciently turned through a predetermined angle; (2) at the same 
time, there must be an efficiently carried out expansion through 
each element by means of which the kinetic energy of the work- 
ing fluid is increased. 

The foregoing general statement may be taken to cover moving 
or stationary elements or blading of the impulse or reaction type. 
Reaction-turbine designers often find it desirable to divide the 
thermal drops unequally between the moving and stationary 
blades of a stage. Impulse-turbine builders find that the highest 
efficiency can be achieved by the adoption of a certain amount of 
pressure drop in the moving blades. The original sharp distine- 
tion between reaction and impulse turbines has, therefore, 
largely disappeared, although there are still notable differences 
between the two types with respect to mechanical details. The 
present problem of the blading engineer is rather that of deciding 
what type of element makes possible the most reliable construc- 
tion which also will meet the required efficiency level at the lowest 
manufacturing cost. 

The research and engineering aspects of the thermodynamic 
and fluid-flow problems related to blading design are of the ut- 
most importance. Extensive research has been carried out and 
is still under way in connection with the determination of the 
most efficient forms of steam passages. In recent years, atten- 
tion has been given to the further development of steam-flow 
problems along lines adopted by aerodynamic engineers in study- 
ing the lift and drag of airfoil sections. It is not the purpose of 
this paper to present the steam-flow phases of the work, but rather 
to indicate some of the mechanical aspects of blading construc- 
tion which have been developed in the last few years to meet the 
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demands for high-capacity high-speed machines, designed for 
maximum pressures and temperatures. Some of the considera- 
tions given may seem elementary; others may be open to argu- 
ment and discussion. In spite of the fact that the steam turbine 
is not a newcomer in the field of engineering, it must be admitted 
that recent developments have caused quite radical changes in 
design reasoning. It may further be said that the design develop- 
ment of machines for the highest pressures and temperatures is 
still in the process of revision and research. 

In this paper, the author has been permitted to supply engi- 
neering data from the steam-turbine practice of the Allis-Chal- 
mers Manufacturing Company. The subject matter concerns 
principally the recent mechanical developments in blading ele- 
ments. 


BLADING MATERIALS 


Atr-HARDENING VERSUS Non-AIR-HARDENING STAINLESS STEEL 


Even the advanced metallurgical practice of the present day, 
has not produced a blading material in which the most desirable 
values of all the various physical and chemical properties can be 
provided in the same alloy. For example, in some materials in 
which there is high strength at high temperature, the hardness is 
so great that they cannot be machined. Other materials may 
have excellent properties, except that the corrosion resistance 
may not be sufficiently great. Among the materials available, 
there will be found certain classes of alloys which do not have the 
highest resistance to stress corrosion, but which do have other 
essential qualities, i.e., high physical properties at elevated 
temperatures and weldability without air-hardening. Considera- 
tion of all these properties indicates that such materials best 
meet the requirements for most blading service. In particular, 
these statements refer to certain of the alloy steels, in which the 
iron constituent is in the gamma phase, which come under the 
general classification of austenitic steels. 

These materials must be properly processed to avoid undue 
carbide precipitation or growth of the crystalline grains at the 
steel mill or during the final-assembly heating operations. Under 
certain conditions of application, suitably low stresses may of 
necessity be adopted if impurities are present in the steam which 
might, in the presence of high stresses, cause stress corrosion. It 
is the conclusion that the strength at high temperature, the re- 
sistance to the various types of corrosion, and appropriate con- 
sideration of welding make alloys of this class the most generally 
useful in steam-turbine-blading practice. 


Cyctops No. 17-A ALLoy 


The standard Allis-Chalmers blading steel is knuwn as Cyclops 
No. 17-A alloy and is produced by the Universal Cyclops Steel 
Corporation, Titusville, Pa. 

The composition is as follows: 


—Per cent—~ 


7 to 8 
0.95 to 1.25 


This material has an ultimate strength of 105,000 psi at room 
temperature in rolled bars */, X 1'/; in. The corresponding 
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proof stress at 0.01 per cent plastic yield will be about 50,000 
psi. The material has good physical properties at high tem- 
peratures. 

Recent developments with this material have been in the direc- 
tion of improved quality and closer control of process work. The 
austenitic structure of this alloy and its consequent capability 
of being welded without air-hardening facilitates the blade- 
assembly processes. During the last year, there has been an 
extensive study of the rolling-mill processes employed in the 
production of sections which are rolled to final size. In previous 
practice, the rolling-mill passes following the last rolling heat 
were carried out in such a manner that the percentage reduction 
at various parts of the blade section was not the same. The per- 
centage reduction in the region of the outlet edge was much 
greater in the last roll passes than the corresponding reduction in 
the thick part of the blade section; hence, there was a sub- 
stantial difference in grain shape and size between the material 
in the edges and the material in the thick parts of the sections. 
Harold Stein? has developed and made effective during the 
last year a change in the rolling-mill program, whereby the 
rate of reduction in the passes following the last rolling heat 
is made essentially the same throughout the widths of the 
blade sections. This procedure is effective in producing grains 
substantially equiaxed in form and practically equal in size over 
the full widths of the sections. The internal stresses set up be- 
tween the thin and thick portions of the blade sections are re- 
duced considerably by this procedure. It is the present con- 
clusion that certain cases of stress corrosion will be prevented by 
this change in the method of rolling. 

In the rolling of blade sections by the older method, the ends 
of the bars came out of the rolls tapered to a considerable degree, 
the bar being several inches longer on the outlet-edge side than on 
the thicker inlet-edge side. With the new process, the material 
in the inlet and outlet edges is of approximately the same length. 
In other words, the bars come out of the rolls nearly square at 
the ends. 

Further improvements have been made at the steel mill with 
respect to finish-rolling. A cold-finishing pass has been adopted, 
which gives a higher degree of surface finish to the sections. 
After the final cold pass, the Cyclops material is stress-relieved 
at 1425 F. 


13-CHROME STAINLEss IRON 


The analysis of 13-chrome stainless iron is as follows: 


Per cent 
11.5 to 13.0 


For the extreme low-pressure end where the operating tempera- 
ture is low and where the maximum strength is necessary, the 
13-chrome stainless iron is considered the best material available. 
It possesses reasonable corrosion resistance, combined with high 
strength and good endurance limit. Welding operations must 
be carefully planned and executed, otherwise the air-hardening 
characteristics of this material may introduce difficulties. The 
13-chrome stainless iron is used by all of the large turbine builders 
in this country for the highest-stress low-pressure blades. In 
Allis-Chalmers practice, this material is used for low-pressure 
_ blades in which the annular-blade outlet area at 3600 rpm ex- 

ceeds approximately 21 sq ft. 


? Director of Research, Chemistry, and Metallurgy, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. 
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19 Per Cent Curome, 9 Per Cent NickeLt SHroup 


This is a standard alloy used for reaction-blade-shroud sections 
of the present standard type which are secured in place by weld- 
ing. All new central-station machines will have reaction blading 
so shrouded. 

The carbon content is about 0.1 per cent. The columbium 
content varies from 0.7 to 1 per cent to stabilize the material 
against carbide precipitation. This material is capable of being 
easily welded. Standard embrittlement tests show that the 
material is substantially immune to this type of attack. 


25 Per Cent Curome, 12 Per Cent NickEL WELD Rop 


Coated weld rods of this material containing about 0.1 carbon 
with a stabilizing addition of columbium are made up in sizes as 
small as !/3. in. in diameter. They are used for welding 19-9 
chrome-nickel shrouding on the Cyclops 17-A blading, or the weld- 
ing together of the integral shrouding on the Cyclops impulse 
blades. 

The welding of austenitic blading materials requires special 
welding units of the mercury-arc-rectifier type which permit weld- 
ing with current flows down to about 2 amp. Such welds are 
formed with a minimum of local heating. Excessive grain growth 
is prevented by the rapid cooling of the weld by the chill effect 
of the adjacent material. 


EVERBRITE Base MATERIAL 


Intermediate blading for moderate pressures, temperatures, 
and blade speeds is prefabricated in segments in which the ends 
of the rolled blade sections are joined by casting them into a 
foundation of Everbrite alloy. Everbrite is a casting alloy of the 
following composition: 


Per cent 


The process work in connection with this development re- 
quires very accurate control of many factors, including extreme 
cleanliness of the blade ends, a carefully worked out process for 
the gating and pouring of the blade group castings, and an ex- 
tremely close control of the temperature of each pot of metal that 
is poured. With proper control, an excellent bond between the 
rolled blade material and the cast foundation is obtained. 


SuMMARY OF APPLICATION OF BLADING TypEs IN STEAM PATH 


1 Impulse blading is milled from bars of the Cyclops alloy 
with integral base and shroud sections. The shrouding is for the 
purpose of confining the steam flow to the blade path and also 
for reinforcing the structure mechanically. Circumferential- 
groove blading is used up to about 25,000 kw for top-turbine 
service and 75,000 kw for condensing machines at 3600 rpm. 
Axial-slot roots are used for higher capacities. An important 
recent development is the welding of the shrouding in groups 
of two blades for large machines. 

2 High-pressure high-temperature reaction blading is milled 
from Cyclops bars with integral roots. After assembly in the 
spindle, the 19-9 chrome-nickel shrouding is welded in place. 
A characteristic of the high-temperature shrouding is the small 
number of blades per segment, usually not exceeding 4 to 6 for 
the highest temperatures. 

3 The intermediate blading for moderate temperatures and 
stresses is prefabricated in segments by casting the rolled sections 
into foundations of Everbrite or cast iron. The 19-9 chrome 
nickel shrouding is welded in place prior to casting. 
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4 Where stresses make necessary the use of milled low-pres- 
sure blading, the Cyclops alloy is used in conjunction with the 
welded 19-9 chrome-nickel shrouding up to annular areas of 21 
sq ft at 3600 rpm. 

5 Where the annular-blade outlet area exceeds about 21 sq 
ft at 3600 rpm, 13-chrome stainless-iron blading is used with 
roots of the axial-slot type. Shroud sections and lashing wires 
are of 19-9 chrome-nickel steel, welded in place. 


PARTIAL-ADMISSION IMPULSE BLADING FOR 
HIGH-CAPACITY TOP TURBINES 


REVIEW OF GENERAL PROBLEM 


Partial-admission impulse blading has been a standard element 
of design over a long period. However, the industry has expe- 
rienced numerous troubles with such blading in the last few 
years. It may well be asked, what has happened so quickly to 
upset the design practice established by half a century of prac- 
tical turbine experience with partial-admission wheels? The 
answer is believed to be that the magnitudes of the suddenly ap- 
plied steam forces have been greatly increased beyond the 
limits of the older practice, largely because of the introduction of 
high-capacity top turbines at 3600 rpm and, at the same time, the 
operating temperatures have increased to such an extent that 
the physical properties of blading materials have been substanti- 
ally reduced. 

The older forms of analysis employed in the design of partial- 
admission impulse blading were based on static values of the 
tangential steam driving forces, usually without allowances for 
stress amplification due to the rapid rate of steam load applica- 
tion and removal, or the effect of the application of the steam driv- 
ing load in successive revolutions under conditions of resonance. 
In the earlier partial-admission wheels, the tangential steam 
driving forces were of much lower magnitude, and the blade 
heights were also less; hence, the effect of the repeated ap- 
plication of the rapidly applied steam loads did not general! »>t 
up destructive stresses. In such machines, the errors introduced 
by neglect of the stress-amplification factor did not usually cause 
trouble because of the small magnitudes of the bending stresses. 
Where troubles developed in the older practice, due to exceeding 
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the safe stress limits accidentally, they were usually corrected 
by the installation of stronger blades, sometimes without very 
complete knowledge of the exact cause of failure. 

Blade developments for high-capacity top turbines have led 
to an extensive investigation of the performance of partial-ad- 
mission impulse blading, with the result that it is now possi- 
ble to predict with reasonable accuracy the maximum possible 
stresses in such blading. 


Srress AMPLIFICATION DvE To Errect or SUCCESSIVE IMPULSES 


In the following discussion, the successive steps in the develop- 
ment of the theory of dynamic loading will be reviewed. A 
cursory review of the elementary principles involved because of 
their importance will also be included. 

Fig. 1 illustrates the elementary principle of suddenly applied 
loads. The spring in the diagram represents the elastic-spring 
scale of a given blade. The mass of the platform can be taken 
to represent the mass of the blade. The weight W represents the 
tangential steam driving force. 

At the instant the load W is applied, the full magnitude of the 
force acts as an accelerating force. After an arbitrary deflection 
lis reached, the force W is still acting at the constant value estab- 
lished by its sudden application. There has been built up, how- 
ever, at deflection 1, an opposing spring force which is equal to 
the deflection 1 times the spring scale P. In other words, at the 
arbitrary deflection 1, the net accelerating force is the difference 
between the steam force W and the opposing spring force Pl. 
The elementary theory shows that the triangular area having a 
horizontal base W and an altitude Z; represents, to some scale, 
the energy that is imparted to the blade, which must appear in the 
mid-position as kinetic energy. Note that at the static deflec- 
tion L, the force W exactly equals the opposing spring force, so 
that there is no acceleration at the mid-position. 

If no damping is present and if the spring is assumed to have a 
straight-line characteristic, it is evident that the weight will 
overtravel a distance Lz, which is equal to Z;, in order that the 
kinetic energy shall be converted into strain energy in the spring. 
Therefore, the stress in the spring at the maximum extension is 
twice the stress at the equilibrium position. 
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Fig. 2 shows a model which illustrates the same principle. 
Without the small weight, the pivoted spring-loaded beam will 
come to rest in the mid-position. This represents the position 
of a blade under the action of centrifugal force only. A slow 
application or removal of the steam driving force will cause the 
blade to fluctuate between the position of rest and the normal 
static deflection. Thistype of loading, the maximum value of which 
is indicated by the first index mark below the center, represents 
the operating conditions found in full-admission blades. If the 
weight representing the steam force is engaged with the hook 
but just out of contact with it, and is suddenly released, the model 
blade will deflect a greater amount than represented by the static 
deflection. In the limit case, as shown by the elementary theory, 
the maximum deflection will be twice the static value and will be 
represented by the lower index mark on the model. 

Let it be assumed that there is no internal friction in the 
model and that the sudden application of the weight and the as- 
sociated vibratory motion continues with no reduction in the 
amplitude. If the weight is suddenly removed while the blade 
is at the lower extreme of its motion, the model blade will then 
vibrate at double the former amplitude. The motion will con- 
tinue from a positive position corresponding to a tension in the 
inlet edges of twice the static value to an equal stress in the 
negative direction. In other words, with a sudden single applica- 
tion of load under conditions of no damping, followed by a sud- 
den removal of load, timed to produce the maximum amplitude, 
the stress range in the inlet edges will be 4 times that indicated by 
the static value. 

These statements indicate only the beginning of the process. 
Let it be assumed, in the elementary case, that the load has been 
suddenly applied and suddenly removed and that the blade is 
now vibrating through the full amplitude indicated by theory. 
If, now, the blade enters the admission are a second time with 
the motion in the right relation to the action of the steam force 
imposed by the nozzle, it is obvious that the amplitude will be 
further increased. The release of the steam force at the correct 
time will yet further increase the amplitude of vibration. The 
motion of the blade is thus increased in successive revolutions 
until, if there is no internal damping of the blade material or 
other friction effects, the blade would soon vibrate at a destruc- 
tive amplitude. This condition of timed application and release 
of the steam forces is called primary resonance. 

It is necessary to define primary and secondary resonance of 


partial-admission blading. Primary resonance is considered to 


be that state of motion in which the application and release of 
the steam driving force occurs at the phase relations to the blade 
motion which promote the maximum amplitude of vibration. 
This type of resonance is probably unavoidable in steam-turbine 
practice. It is, therefore, necessary to proportion the design of 
partial-admission blading so that primary resonance can occur 
and that the maximum amplitude set up by this condition will 
not be such as to produce harmful stresses. If, under a given 
operating condition, the application and release of the steam 
driving forces are timed to cancel part of the energy input and 
thus produce small amplitudes of vibration, which is quite pos- 
sible, this cannot be expected to be the case for all operating tem- 
peratures or speeds. Hence, it is necessary to design the blading 
to run under a condition of primary resonance. 

Secondary resonance is the condition which exists when the 
natural frequency of vibration of the blades is equal to the 
frequency of the impressed force from the nozzles. This condi- 
tion is one which can be avoided by design, by proportioning 
the blades to secure the required mass-stiffness ratio. The 
periodic variation of the steam driving force, as the blades pass 
through the admission arc, may set up excessive motion if secondary 
resonance is not avoided. 
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In the practical case, in which internal damping is present, a 
maximum amplitude of the vibratory motion is reached in which 
the energy dissipated by damping equals the energy input from 
the intermittent steam forces. This criterion of the conditions 
regulating the stress-producing forces is capable of theoretical 
analysis and permits the determination of blade proportions which 
will survive such service. 

It is of interest to note, in passing, that the kinetic energy im- 
parted to an initially nonvibrating blade at the end of the ad- 
mission arc is 4 times the amount imparted to the blade at the 
inlet end of the are. This statement is correct only for one ap- 
plication of the load to a nonvibrating blade and one properly 
timed release of the tangential driving force in which the appli- 
cation and release each take place in zero time. The system 
in this example is assumed to have no damping. 
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The foregoing discussion is based on suddenly applied loads 
In an impulse wheel for a 50,000-kw top turbine, a standard de- 
sign employs 66 blades. Each impulse blade will, therefore, re 
ceive its loading in approximately */¢ of '/e sec, or in approxi- 
mately */s00 sec. Fig. 3 shows the substantial modification made 
in the elementary theory. by the actual application of the steam 
load in */,o99 sec instead of in zero time. 

As the blade enters the admission arc, the steam driving load 
starts at zero instead of at the maximum value which is estab- 
lished in the case of the suddenly applied load. The tangential 
driving force on the blade builds up as shown by the curve 0! 


steam force on the chart, Fig.3. At the left of the zero-force line, qi 


the straight-line relation of spring force to deflection is show2. 
The accelerating force at any deflection is the difference betwee? 
the force exerted by the steam and the opposing elastic force e* 
erted by the blade. 

The actual kinetic energy imparted to the blade is proportions! 
to the shaded area at the right of the zero-force line. The 
energy in this case is about '/, of that imparted to the blade by§ 
suddenly applied load. On this basis, the stress-amplificatiod 
factor for a single application of the driving force at a uniform 
rate in 1/499 sec would be 1.35 instead of the factor 2, which # 
found in the case of the suddenly applied load. This analy#* 
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shows the substantial influence on the energy input to a blade 
under conditions of rapid loading in the short time interval of 
1/4000 sec, during which the full tangential driving load is built up. 
As indicated, the loading of such a blade in !/s09 see results in 80 
per cent less energy being imparted to the blade to start it vibrat- 
ing than in the case of a suddenly applied load. 

In the consideration of partial-admission impulse-blade stresses, 
the first step taken in the development of a rational design pro- 
cedure was the principle of suddenly applied loads described in 
the preceding paragraphs. The second step was a process which 
included consideration of the actual time in which the blade re- 
ceived its load, the maximum amplitude of vibration which could 
be built up by successive impulses received and removed under 
conditions of primary resonance, and the principle that the en- 
ergy input to the blade from the nozzle must be absorbed by the 
total damping of the system. 

The third advance in the analytical reasoning on partial-ad- 
mission impulse-blade design is divided into three parts. The 
theoretical work involved is the development of H. D. Emmert.? 
The three divisions are as follows: 

a Theoretical solution of the effect of suddenly applied and 
suddenly removed steam forces on a vibrating blade, including 
damping. 

b Theoretical development which includes correct considera- 
tion of the effect of the actual rate at which the steam load is ap- 
plied and removed on a vibrating blade. 

ce Development of the complete solution of the practical prob- 
lem in which the actual rate and time of steam loading of a 
vibrating blade is taken into account; allowance is made for the 
variation of steam driving force on the blade as it passes through 
the are of admission; and the correct provision is made for the 

‘ffect of the actual rate and time at which the steam load is re- 
moved. 

The motion of elastically supported masses such as blades 
under the action of intermittent forces is a type of problem which 
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Fie.4 FUNDAMENTAL Equation or Motion or Etastic Boptes 
has been fundamentally developed on a theoretical basis. The 
solution of the problem starts with the equation of motion, which, 
in simple language, is an equation the terms of which represent 
the various forces acting on the body. 

The equation of motion as applied to this problem, referring 
to Fig. 4, may be expressed as 


d*y dy 
t+ ky =a + + coin of 


where 
m = mass of vibrating body 
y = displacement of body 


a Turbine Department Allis-Chalmers Manufacturing Com- 
y. 


time 

= circular frequency of impressed force 
spring constant 

damping constant 


I 


a, b, and c = steam-force constants 

In the first term, m represents the equivalent mass of the vibrat- 
ing body. The remaining part of the term is the second deriva- 
tive of the displacement with respect to time. This quantity rep- 
resents the acceleration of the body at any point in its path. In 
other words, the first term represents the inertia force, which is 
equal to the mass times the acceleration at the point considered. 

The second term represents the damping force. The damping 
constant r is multiplied by the first derivative of the displacement 
with respect to time, this quantity representing the velocity. In 
other words, the damping force equals the product of the damp- 
ing constant and the velocity. 

This assumption represents the conventional procedure and is 
based upon the damping forces varying directly as the velocity 
of displacement. The actual damping forces of materials of 
construction may vary from this relationship. Such variation 
may be taken into account by experimental determination of the 
damping curve, and by using the value of the damping constant 
which is applicable for the actual working condition. 

The third term represents the spring force. The term k is the 
spring scale and y the displacement. 

The right-hand member of the equation represents the action 
of the steam forces on the blade. 

The motion of a blade in the inactive part of the circumference 
is such that there are no steam forces acting, hence each of the 
constants a, b, and ¢ of the three terms is equal to zero during 
this part of the motion. 

If there is a condition of suddenly applied loading in which the 
steam load is assumed to reach its full value in zero time, the 
constant a will have a finite value, while the constants 6b and ¢ 
will each be equal to zero. 

In the case where the steam load is assumed to be applied as 
a linear function of time, the constants a and c become zero, and 
the right-hand member of the equation becomes bt. 

If the steam force in the admission are is assumed to have a 
harmonic variation which is found to be substantially correct 
in practice, the constant 6 of the right-hand member becomes zero, 
and the complete right-hand member for this case becomes a + ¢ 
sin wt. 

The solutions of this type of differential equation of motion are 
capable of being evaluated by established methods. 


IMPORTANCE OF INTERNAL DAMPING IN BLADE MATERIAL 


A factor of importance in the practical application of the equa- 
tions cited is the damping constant. A convenient assumption 
in damping problems in hard metals is that the damping forces 
vary as the first power of the velocity. This assumption is rela- 
tively accurate over short ranges of operating conditions. On 
this basis, it can be shown that the amplitudes of consecutive 
vibrations have a constant ratio. If this law were strictly true, 
the ratio of the amplitude of vibration at a predetermined time 
to the next consecutive amplitude would be the same as the ratio 
of any two consecutive amplitudes. The natural logarithm of 
the ratio of any one amplitude to the corresponding amplitude 
of the next cycle, taken as the vibration decays, is called the 
logarithmic decrement. 

The damping constant given in the equation of motion bears 
the following relation to the logarithmic decrement 

r = 2mfé 
where 
r = damping constant 
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m = mass 
f = frequency of vibration 
6 = logarithmic decrement 


Fig. 5 shows a series of damping curves, made by Prof. John 
T. Norton of The Massachusetts Institute of Technology, on 
various materials and reported by him in a paper.‘ These curves 
are determined by means of a torsion-pendulum apparatus, in 
which the specimen is subjected to alternating torsional stress. 
The curves are exhibited to show the great differences in the 
forms of the damping curves of the different materials. Con- 
siderable research is now under way in connection with the damp- 
ing capacity of blading steels. 
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NO.3 ANNEALED 0.40C STEEL 


Fig. 5 Dampinc Curves OF VaRIOUS MATERIALS 


At present for design purposes, with the Cyclops alloy, a 
logarithmic decrement of about 0.002 is assumed for blading 
operating with a maximum skin stress up to 20,000 psi and a 
temperature of 900 F. 

Féppl and others have shown that the damping constant 
varies with stress. Other investigators have shown that the 
damping varies with frequency and with temperature. The 
research now under way will determine more completely the 
damping capacity of the various blading materials under operat- 
ing conditions. 

Proposals have been made and studied for the introduction of 
damping devices in the blades themselves, such as a quantity of 
liquid or powdered material in a cavity in the blade in which is 


4 ‘““Torsion-Pendulum Instrument for Measuring Internal Friction,” 
by J. T. Norton, Review of Scientific Instruments, vol. 10, March, 
1939, pp. 77-81. . 
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embedded a small weight. While the idea is ingenious, it does 
not appear necessary to go to this refinement and, furthermore, 
there are design and manufacturing difficulties associated with 
this principle. 

The first application of the third step in design reasoning is 
shown in Fig. 6. The length of the abscissa in each case repre- 
sents the time required for the wheel to make 1 revolution. In 
the upper curve, the loading is increased from zero to the driving 
value in zero time and at the end of the are again reduced to zero 
in zero time. The lower curve shows the motion of a blade after 
there has been a sufficient number of revolutions to set up a 
condition of energy stability. The blade enters the admission are 
from the left with an amplitude of vibration which is reduced from 
the value existing at the end of the previous passage through the 
admission are by the damping. The sudden loading increases 
the amplitude and the corresponding stress as shown. In cal- 
culating this case, it is important to note the assumption that the 
load was applied when the blade under consideration was at the 
extreme point of the backswing. This, on the chart, refers to the 
lowest point of the harmonic curve. This is considered a condi- 
tion of primary resonance. In like manner, it is assumed that 
the load is released at the time the blade is at the extreme point 
of the forward swing, which corresponds to the upper point on 
the harmonic curve at the end of the admission arc. The curve 
shows the effect of damping in the admission arc and in the idle 
are. The reduction of stress amplitude due to damping has been 
greatly exaggerated for illustrative purposes. By assuming acute 
primary resonance, as described, the motion builds up in suc- 
cessive revolutions, until, in the steady state of energy stability, 
the energy imparted to the vibrating blade is equal to that ab- 
sorbed by damping. 

In the case of the 50,000-kw top-turbine impulse blade, for the 
Northwest Station, which will be described later, application of 
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the process just reviewed shows that the maximum bending 
stress at the end of the first cycle in the admission are will be 
about 10 times the static value. 

The second application of the equation of motion is shown in 
Fig. 7. In this diagram, the tangential driving force is assumed 
to be built up at a uniform rate, which is also assumed for a cer- 
tain condition of resonance, namely, the beginning of the ap- 
plication of load is at the time when the blade is at the extreme 
point in the backswing which on the curve is at the lowest 
point in the motion. For illustrative purposes it is assumed that 
the load application is completed in !/2 cycle of blade motion; in 
other words, at the time the blade reaches the extreme forward 
point in the swing. This case, which has been adopted for 
simplicity of illustrative purposes, is not quite that corresponding 
to exact resonance. In the latter case, the load is applied when 
the blade is in the position of zero deflection and starting on the 
backswing. This particular solution involves the assumption 
that the steam load is constant throughout the admission arc. 

The solution further assumes that the release of the steam 
load starts at the time the blade is in the extreme forward point 
in the swing, which is at the top of the harmonic curve in Fig. 7. 
The condition of exact resonance at the release of the load would 
be that corresponding to the similar state at the point of loading. 

The third application of the analysis is illustrated by Fig. 8. 
In this illustration, the motion of the blade in the idle portion of 
the are is treated as a damped free vibration as in the other cases. 

The application and release of the steam driving load is as- 
sumed to vary with time, this making necessary the treatment of 
the admission and release phases of the motion as separate cal- 
culations. As in the preceding case, the chart shows the load 
application beginning at the time the blade is in the extreme posi- 
tion of the backswing and ending at the extreme forward limit 
of motion. The release is taken in the reverse manner. 

The steam force imposed on the blade in the admission are is 
assumed to vary in the harmonic relation indicated on the chart. 
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When this process is applied to the 50,000-kw Northwest tur- 
bine blade, the solutions of the equations of motion show that 
the bending-stress-amplification factor, due to the considerations 
mentioned, is approximately 3. 

Impact-tube tests have been made with standard nozzles in 
which compressed air is used instead of steam. Fig. 9 shows a 
summary of the relative results of one set of such tests with the 
impact-tube-pressure measurements taken at various circum- 
ferential positions on the mean diameter of the nozzle. 

It is interesting to note that the variation of the pressures per 
unit area is much greater for the set of readings taken at an axial 


DIAGRAM ILLUSTRATING REDUCTION IN FORCE PULSATION 


| _NozzLe | 
AMPLITUDE OF NOZZLE STEAM PITCH | oF 
AMPLITUDE A 


FORC ATION 
Pe / \ ORIVING FORCE PULSATION 

/ 4 \ 
BLADE 
> 
a NOZZLE |STEAM 2 
“ 
*ONE BLADE PITCH 
3 
2) a 
i 


if 
a Li 


STEAM | FLOW 


— FORCE PULSATION 
oe AMPLITUDE OF BLADE FORCE PULSATION =F 
\ MEAN BLADE FORCE 
woe \ AMPLITUDE OF NOZZLE STEAM FORCE 
Soe N WHERE EAN NOZZLE STEAM FORCE 
2 | 
F «FACTOR FROM CURVE 
G2 04 06 08 10 
BLADE PITCH 
M+ NOZZLE PITCH 


Fic. 10 Dragram SHow1ne Errect or Nozz_e on 
VARIATION OF STEAM ForCES ON BLADES AT DIFFERENT PosiITIONS 
AtonGa Nozz.e Face 


clearance of '/;5 in. from the outlet of the nozzle than in the case 
of the readings taken at a clearance of 9/;,in. This curve indicates 
the substantial reduction in the variation of the forces per unit 
area which occurs when a greater axial distance is allowed be- 
tween the outlet edges of the nozzle vanes and the inlet edges of 
the blades. 

An important factor in the design is the relation of the pitch 
of the nozzles to the pitch of the moving impulse blades. The 
upper dotted curve Fig. 10, shows typical steam forces per unit 
area for various positions along the mean diameter. If the 
integrated effect of this pressure can be assumed as transmitted 
directly to the blades with equal efficiency for all positions of the 
blades, then, theoretically, if the nozzles have the same circum- 
ferential pitch as the blades, the tangential driving force imposed 
on the impulse blades will be constant throughout the admission 
arc. If, however, the transfer of steam driving load to the blades 
does not occur with the same blade efficiency for all relative 
positions of the blades and nozzles, then there will be some peri- 
odie variation in driving force which is believed to be the case in 
practice. 

If the other extreme is considered, in which the blades are con- 
sidered as extremely narrow radial passages, then the driving 
force on the blades will vary in substantially the same manner as 
the steam force from the nozzle. 
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In order to design blades of relatively high frequency, a large 
circumferential pitch must be used. In the case of the 50,000-kw 
Northwest turbine blades, this pitch is 1.6 in. on the mean di- 
ameter. The Northwest impulse blades are calculated to have a 
running frequency of 7100 vibrations per sec. The nozzles have 
been spaced on a pitch of 3.484 in., which gives a frequency of the 
impressed force of 1837 per sec. The curve, Fig. 10, shows that 
the theoretical variation of force on the blade is about 0.69 of the 
variation of the equivalent nozzle steam force. There is, however, 
a considerable margin between the 7100 per sec frequency of the 
blade and the 1837 per sec frequency of the impressed force. The 
magnification of motion from secondary resonance is relatively 
small under these conditions. 

In concluding this section on the stresses in partial-admission 
blading, it can be stated that the investigations briefly reviewed 
have shown that it is possible to calculate the effects of rapidly 
applied loads on partial-admission blades. The only safe ground 
for progress in matters of this kind is the establishment of a cor- 
rect background of fundamentals. It is believed that this has 
been done and that the material constants are sufficiently well 
known to permit the prediction of safe proportions for this type 
of blading. 

The importance of having the natural frequency of the blade 
remote from the frequency of the variable impressed force from 
the nozzle should be further stressed. Theoretically, if the action 
of the steam on the moving blades occurs at the same efficiency 
for all relative positions of blades and nozzles, then blades and 
nozzles of the same circumferential pitch can be used to avoid 
a periodic pulsation in the steam driving force. Actually, some 
variation in the efficiency must be expected, as each blade moves 
in and out of the flows of the various nozzles; hence, there will 
be some periodic variation in the steam driving force on the blades. 
If unsuitable design proportions are selected so that the frequency 
of the impressed force on the blades is equal to their natural fre- 
quency, then serious and destructive resonance may take place. 

The best procedure is to design the blades so that the natural 
frequency is substantially higher than the frequency of the im- 
pressed force. The higher the frequency of the blades, the greater 
the amount of energy absorbed by damping in each revolution. 
The total damping will depend, to some extent, on the variation 
of the damping constant with stress. 

The general procedure for determining the stresses in partial- 
admission blades can be outlined as follows: 

a Determination of natural frequency of blade system includ- 
ing correction for rotation and stiffening effect of shrouding. 

b Determination of the frequency of the impressed force ex- 
erted by the steam flow from the nozzle. An equivalent-steam- 
force curve is assumed of simple harmonic form, the amplitude of 
which must be based on research data. 

c Design of blade to place natural frequency of assembled 
structure substantially above the frequency of the impressed 
force from the nozzles. Secondary resonance is thus avoided. 

d The motion of the blade is calculated and plotted in curve 
form for the condition of energy stability, in which the energy 
imparted to a blade during one passage through the nozzle group 
is dissipated by the total damping of the system in the course 
of one revolution. 

e Care must be taken to determine the most unfavorable phase 
relations between the free motion of the blade and the time of 
application and release of the impressed force. The phase rela- 
tions that will give the maximum amplitude of vibration must be 
determined. In other words, the blades are designed to with- 
stand primary resonance. 

jf The correct procedure must be adopted properly to take 
into account the actual rate of application of the steam load and 
the corresponding rate of unloading. 
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g There must be reliable data available on the damping char- 
acteristics of the blade material for the operating conditions under 
consideration. 

h The ratio of the maximum amplitude for the condition of 
energy stability to the static deflection of the blade under the 
action of the steam driving force taken as a steady value gives 
the amplification factor to be applied to the bending stress cal- 
culated on the static basis. 

« The centrifugal stress must be added to the amplified bend- 
ing stress to determine the maximum resultant stress to which 
the blade is subjected. All stress concentration factors must 
be included. 


CENTRIFUGAL STABILITY 


There is good reason to believe that the initial tightness of 
high-temperature blading in the spindle grooves is not maintained 
for a long period of time at normal speed and full operating tem- 
perature. This comes about partly due to initial creep in which 
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Fig. 11 DraGram SHowING PRINCIPLE OF CENTRIFUGAL STABILITY 


the minute irregularities of the machined surfaces are crushed 
until a good bearing surface is secured and partly due to elastic 
deformation and to the reduction in elastic modulus at high tem- 
perature. It is believed that all manufacturers produce excellent 
initial fits of the blade roots in the spindle grooves. At full speed 
and temperature, however, the close fit is believed to be lost for 
the reasons cited. If it be assumed that the blade root is only 
slightly loose at full speed and full operating temperature, con- 
ditions may arise, in which, in partial-admission wheels, the over- 
turning moment set up by the suddenly applied steam load may 
exceed the stabilizing moment of the centrifugal force on the 
blade. If this is true, a single blade, or even a group of two or 
three blades which are joined together by a single shroud, may 
jump in the groove every time the admission arc is passed. If 
the blades jump or chatter in their grooves every time the steam 
forces are imposed on them, local stresses of sufficient magnitude 
to cause failure may be set up in the blade roots. It is, therefore, 
necessary to establish a safe ratio between the stabilizing moment 
created by the centrifugal force and the overturning moment set 
up by the suddenly applied steam load. Experience indicates 
that the ratio of the centrifugal moment to the steam driving 
moment about the base of the blade should, in most cases, be 
greater than 3 for a single blade, or greater than 6 for a pair of 
blades tightly shrouded together. In general, it is believed neces 
sary that the stability factor shall be defined as the quotient of 
the centrifugal stabilizing moment divided by the amplified steam 
bending moment and that this ratio shall exceed 1.5. 

Fig. 11 illustrates the principle of centrifugal stability. The 
centrifugal moment is the product of the centrifugal force /'c and 
the moment arm KL. The steam moment is the product of the 


(at 

{ 
Fs 

| 

7 


ALLEN—STEAM-TURBINE BLADING 697 


Fig. 12 AsseEMBLED IMpULSE WHEEL; Des MOINES 


Fie. 138 Inpivipvau Imputse Buapes; Des 


driving force F, and the moment arm 1;. The stability factor 
without amplification is, therefore, expressed as F-KL/F la. 


Capacity oF CIRCUMFERENTIAL-GROOVE BLADING 


Fig. 12 shows the high-pressure impulse wheel for the 35,000- 
kw 3600-rpm condensing turbine at Des Moines, Iowa. The 
first-row blades are 11/; in. wide, and the steam-port height is 
lin. The steam load is 238 lb per blade at the /: load point 
on the turbine. This condition exists when the first two noz- 
tle blocks, to which steam is admitted simultaneously, are 
operated at full inlet pressure. These blades are of Cyclops 17-A 
alloy, with the integral shrouding welded together in groups of 
two blades. The second-row impulse blades are shown welded 
in groups of three. These second-row blades have since been 


modified by welding the shrouding in groups of two blades. 
Fig. 13 shows a group of standard impulse blades for a two- 
row wheel of the type used for the high-pressure element of 3600- 
rpm condensing turbines up to about 75,000 kw or for 3600-rpm 
top-turbine service up to about 25,000 kw. One of the important 
features is the adoption of radial planes on the fronts and backs 
of the root and shroud sections of the moving blades. In the 
short first-row blades, the center portion of the root and shroud 
on each side is in a plane passing through the axis of the spindle. 
The overhanging edges have corresponding projections on the 
root and shroud to reinforce them. The cooperating fit between 
pairs of blades is on the central radial-plane surfaces. Note 
that between the unwelded shroud sections, a clearance of ap- 
proximately 0.005 in. is allowed during the cold assembly. 


Fie. 14 AssEMBLED SINGLE-Row ImMpuULSE WHEEL 


The limiting of the number of blades per group to two for high- 
temperature service is believed important, as severe bending 
stresses may be set up if a greater number of blades are joined 
together. These stresses may be caused by the more rapid heat- 
ing and cooling of the blades with respect to the massive spindle. 

Fig. 14 shows a single-row impulse wheel with the circum- 
ferential-groove-type blading. This impulse wheel represents the 
standard high-pressure element of large Allis-Chalmers high- 
pressure condensing turbines. 


AxIaL-SLot BLADING FoR H1IGHEST-CAPACITY PARTIAL-ADMISSION 
IMPULSE WHEELS 


For maximum-capacity top-turbine service, the design analysis 
briefly described calls for extremely wide blades. Such blades 
have a large circumferential pitch, which makes it undesirable to 
leave out a blade for assembly purposes. The centrifugal force 
of one of these large blades is such that a practical locking device, 
whereby the last blade can be secured in a circumferential groove 
of the conventional design does not appear available. An ex- 
tensive survey has indicated the necessity for roots of the axial- 
slot type. Fig. 15 shows the impulse-wheel assembly for the 
50,000-kw Northwest top turbine. The blades are inserted in 
axial slots which are milled and broached in the spindle body. In 
this way, the full complement of blades is inserted in the wheel 
without the need of a special entry slot or locking blade. 
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Fie. 15 Imputse WHEEL 50,000-Kw Top TurRBINE 


In this scheme, the blades are arranged to be assembled in the 
axial slots by entering the complete ring of 66 blades in the spindle 
at the same time and pressing them home in a single operation. 
This is necessary because the form of the blade section requires 
that the edge portions overlap which, therefore, prevents indi- 
vidual assembly. For this purpose, each blade is first tried in its 
groove independently; each blade is then tried in its groove with 
the adjacent blade on one side and a third time with the adjacent 
blade on the other side, and so on around the circumference. By 
this means, it can be determined that there is no mechanical in- 


Fic. 16 Monet or Imputse Buape For 50,000-Kw Top TurBINE 


terference which will prevent complete assembly in one move- 
ment. 

Figs. 16 and 17 show a model of the Northwest impulse blade 
These illustrations show the design of the serrated root and the 
interlocking shrouding which requires the mass assembly of the 
complete row of blades. 

Note that the axial width of this blade is 3 in. through the port 
section. The height of the steam port is 1'/s in. The mean 
diameter is 34 in., as shown by Fig. 15. The shroud sections 
are welded in pairs after assembly. The deep radial rib on the 
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ALLEN—STEAM-TURBINE BLADING 


integral shroud is for the purpose of increasing the strength of 
the welded bonds between pairs of blades. The blades are 
milled from Cyclops steel bars. The maximum steam load is 
350 Ib per blade. 
Errect oF By-PassinG THE IMPULSE WHEEL ON BLADE 
LOADING 


Some cases of trouble have been reported with top-turbine im- 
pulse blades in machines in which all of the steam was supplied 


through nozzles which acted on the first wheel. In such machines, ° 


the first group of nozzles, with which the highest blade loading 
occurs, occupied a relatively small are of the circumference. This 
in turn required relatively high blades with a correspondingly 
greater length of moment arm on which the steam driving force 
acted. The small admission are for the first nozzle group resulted 
in a correspondingly high driving force per blade. The combina- 
tion of these factors resulted in extremely high stresses in some 
instances. 

The latest top-turbine practice is to use the impulse wheel up 
to about */, load, by-passing this element for full load, and further 
by-passing some of the full-admission stages for maximum load. 
By this means and by using only two nozzle groups for the im- 
pulse wheel for the high-capacity machines, the first group occupy- 
ing approximately one half the circumference of the wheel, the 
force per blade is substantially reduced, and, at the same time, 
the moment arm on which the steam force acts is also reduced 
greatly below the values found in former practice. 


Errect oF AvorpING STEAM UNDEREXPANSION AT THE OUTLET 
OF THE First NozzLE Group 

In maximum-capacity top-turbine design, it is an accepted 
practice to design all of the first-stage nozzles of the nonexpanding 
type; in other words, the steam passages are designed to expand 
the steam down to the sound velocity. In certain early machines 
where all of the steam flow passed through the impulse-wheel 
nozzles, the quarter-load-nozzle group was allowed to expand 
the steam from 1200 psi down to something considerably less 
than the critical pressure. This procedure resulted in a large 
pressure drop through the blading and, in the case of some two- 
row impulse wheels, a substantial upsetting of the load distribu- 
tion between the first and second moving rows of blades. With 
maximum-capacity wheels, the present practice is to arrange the 
first nozzle group to be fully open at the time that the pressure 
in the first stage is reached which corresponds to the sound veloc- 
ity at the nozzle outlet. This practice aids in the reduction of 
stresses, 


Errect or Epce TuickNess ON PatreRN BETWEEN 
NozzLE AND IMPULSE-BLADE EDGES 


It is well known that the maximum efficiency in high-velocity 
impulse blading requires thin blade and nozzle-vane edges. One 
concomitant of 1200 psi initial pressure and 925 F initial tempera- 
ture is thick nozzle-vane-outlet edges and thick impulse-blade 
edges; at least the edges are relatively thicker than found in 
turbines of a few years ago. The increased edge thicknesses 
necessary in high-pressure high-temperature machines have had 
asmall but detrimental effect on the efficiency. The steam-flow 
pattern opposite each nozzle outlet is also adversely affected to the 
extent that the alternating forces imposed on the blades as they 
pass from the stream issuing from one nozzle outlet to the next is 
believed to be the means whereby the amplitude of vibration of 
the impulse blades is increased over what it would be with nozzles 
and blades having thin edges. 


Errecr oF INcrEAsING Ax1aL Distance BeTwEEN OUTLET 
or Nozzie Vanes AND INLET oF IMPULSE BLADES 


In the interest of reducing as much as possible the variation in 
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loading on the impulse blades as they pass through the successive 
flow patterns of individual nozzles, the axial distance between the 
outlet edges of the nozzle vanes and the inlet edges of the im- 
pulse blades is increased to about °/j in. in the case of the 50,000- 
kw Northwest top turbine. Taken parallel to the absolute direc- 
tion of steam flow, the actual distance between the nozzle-vane 
edges and the blade edges is about 2 in. This is expected to re- 
sult in some equalizing of the steam-flow pattern at the inlets to 
the moving blades. It is believed that by this means less total 
energy will be imparted to each blade in the form of vibratory 
motion as it passes through the successive flow patterns of the 
individual nozzles. 


DETERMINATION OF STRESSES IN FULL-ADMISSION 
BLADING 


CENTRIFUGAL STRESSES 


Centrifugal stresses in full-admission blading present no par- 
ticular problem as the determination of forces and areas may be 
simply calculated from the drawing dimensions. 


BENDING STRESSES 


Bending stresses are calculated from the independent steam 
forces exerted on each blade, and a knowledge of the section 
properties of the blade section considered as a beam. The 
tangential driving forces and the axial forces resulting from pres- 
sure differences over the blade rows are independently con- 
sidered. 

Errect 


Full-admission blades, especially in high-capacity high-tem- 
perature machines, in which relatively thick blade edges must be 
used, are expected to undergo some periodic variation in the driv- 
ing forces. This ripple effect probably does not exceed 10 or 15 
per cent of the steady driving force. In high-temperature ma- 
chines, the ripple effect is taken as about 25 per cent of the steady 
tangential driving force. 


SHROUDING CORRECTION 


The effect of shrouding varies considerably over the blade 
path. In high-pressure blading, the effect of the shrouding on 
stress is considerable, although the normal bending-stress reduc- 
tion may be between 25 and 60 per cent. The effect of the 
shrouding on bending stress is complex, the calculations on stress 
reduction being checked by experimental procedure. 


Srress AMPLIFICATION DUE TO VIBRATION 


The high-pressure and intermediate-pressure blading, in which 
the natural frequencies of the blades are well over 5 times the 
rotational frequency, are assumed to be sufficiently remote from 
a resonant condition arising from periodic steam forces or inertia 
forces caused by the rotation of the spindle that the stresses are 
not intensified thereby. In low-pressure blading, in which the 
frequency of the assembled blades at full speed and at the operat- 
ing temperature is less than 4 times the rotational frequency, tun- 
ing is resorted to in order to avoid resonance under operating 
conditions. This tuning involves a calculation of each specific 
blade group, which is followed by a check of the standing fre- 
quency when the row is assembled. Correction for temperature 
and speed is made by calculation. Changes of blade sections, of 
the rate of taper, or of lashing or shrouding members are some- 
times necessary in order to avoid resonance. 


Stress INTENSIFICATION Due To at Base oF Port 
SEcTION 


Milled blading with integral roots is designed with generous 
radii at the junctions of the port sections and the roots, so that 
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Fig. 18 Buapine Layout 50,000-Kw Top TurBINE 


with integral roots. Fig. 19 shows the large size of high-capacity 
blades of this type. The nominal axial width of the last row ie 
of blades, one of which is illustrated in the view of the model, 
Fig. 19, is 2'/, in. This blading is milled from bars of Cyclops 
17-A alloy. Fig. 20 shows some reaction blades of the milled type 
for top-turbine service. | 


DEsIGN OF SHROUDING 


Referring again to Fig. 18, it will be seen that the shrouding on 
the stationary blades is made up of two independent shroud sec- 


Fig. 20 MiLuep Reaction Buapes For Top TurBINE 


tions secured in place by welding. There are three radial-seal 
strips for each blade row. 

There is a groove in the spindle to contain the center-seal strip 
and thereby provide interruption to the leakage flow. The inner 
axial-seal strip formerly employed is absent in this construction 
This is done to avoid the disturbance set up by the high-velocit) 


: - leakage flow cutting at right angles to the main flow through the 
Fie. 19 Mopeu Last Row 50,000-Kw Tor Tursinge blade path 


the stress-intensification factor can usually be taken at 1.5. The shrouding on the spindle blading includes four separsie 
For the intermediate blading with cast foundations, the bend- seal elements; the first is of the normal end-tightened type; ps 
ing-stress-intensification factor, due to the form of the junction "@™#ining three are of the radial type as shown. The shrou 


between the rolled blade and the cast base, is taken at 2. is of welded 19-9 chrome-nickel steel. J ; 
Note that the stationary blades of such high-capacity turbin> 7 pj, 
HIGH-PRESSURE REACTION BLADING are also of the individual milled type. a 
Buapes Wits INTEGRAL Roots MiLLep From Bar Stock Waipine or Sunoupire 


Fig. 18 shows the blading layout for a 50,000-kw top turbine. The welding of shrouding has been adopted after considerabl j dew 
In this example, all of the blading is of the individual milled type research as being the best means for the attachment of su OF weld 
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Fic. 21 or SHROUDING ON SEGMENTAL BLADING 


Fie. 22 REACTION-BLADE SHROUDING IN TURBINE 


members, The stresses set up by riveting are avoided. By the 
use of austenitic materials, air-hardening does not occur. Fig. 21 
shows 4 group of blades with a section of shrouding ready for 
welding. A welded shroud section is also shown. 
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Fig. 22 shows the welded shrouding in the 30,000-kw top tur- 
bine at Fisk Station in Chicago. 


BLapEs WELDED IN SMALL Groups 


It is important that the shrouding on high-pressure reaction 
blading include a relatively small number of blades per segment. 
The bending stresses introduced by rapid expansion and contrac- 
tion of the blading under conditions of varying temperature may 
result in excessive stresses and lead to ultimate blade failures un- 
less short segments are used. Fig. 22 shows that the reaction 
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Fic. 23. AssemMBLY or SEGMENTAL INTERMEDIATE 
Biapinc WitH WELDED SHROUDING 


Fic. 24. INTERMEDIATE-BLADING SEGMENTS WiTH WELDED 
SHROUDING 


blades in the Fisk turbine have shrouding which contains from 
four to six blades per segment. It has already been pointed out 
that the impulse-blade practice is to secure two blades together 
for the highest-temperature service. 


INTERMEDIATE BLADING 


For the intermediate-pressure blading, sections are used which 
are finished to the final shapes by rolling. These blade sections 
are of Cyclops 17-A alloy. The material is given a final stress- 
relieving heat at 1425 F after the rolling operation. Before using 
the sections, the inlet and outlet edges are carefully polished to 
remove minute cracks which might have been introduced during 
the rolling. Fig. 23 shows in section the standard arrangement of 
intermediate blading. The welded shrouding and the design of 
the seal strips are shown. Fig. 24 shows a group of intermediate 
blades of the cast-in type with welded shrouding. 
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The study of the rolling of the blade sections and the improve- 
ments made at the steel mill have been previously described. 


SHRovupDING DEsIGN 


Blade sections, after being cut to length and after the inlet and 
outlet edges are polished, are assembled in a special fixture, after 
which the 19-9 shrouding is welded in place. 


Cast FounpDATION OF EVERBRITE OR Cast IRON 


After the shrouding is welded in place, the segmental-blade 
assembly is then placed in a core box, after which the blades and 
shrouding are encased in core sand, with the exception of the 
ends of the blades that are to be cast in the foundation. The 
blades in their assembled core are placed in a suitable mold and 
the foundation of Everbrite or cast iron poured. Great care is 
necessary to maintain clean blade roots. It is also necessary to 
keep the pouring temperature of the base material within close 
limits in order to secure a good bond with the blade bases without 
washing the blade-section material away. Optical-pyrometer 
observations are made on the metal poured in each mold. 


Srress-RELIEVING OF ASSEMBLED Cast FOoUNDATION-RING 
SECTIONS 


After the foundations are poured, they are then finished on all 
surfaces, except at the bottom of the steam port, by machining. 


Fie. 25 Low-PressurE BLapING 


After machining the foundations, the segments are placed in 
a gas-charged muffle, where they are annealed at 1425 F to re- 
move stresses introduced by the cooling of the foundation metal. 
By this process, completely finished segmental blading is manu- 
factured for the intermediate portion of the blade path. The blad- 
ing is practically free from fabrication stresses and in an excellent 
condition to resist corrosion. 


MILLED Low-PrEssuRE REACTION BLADING 


When the blade annulus referred to 3600 rpm exceeds approxi- 
mately 9.2 sq ft, the blades are milled from bar stock of Cyclops 
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alloy with integral roots, as shown in Fig. 25. Care is exercised 
in the mill operations to secure a grain size not exceeding 20 per 
sq in. at 100 diam magnification. The bar stock is stress-relieved 
at 1425 F after the final rolling. 

The milled Cyclops low-pressure blading is reinforced by 
shrouding of 19-9 chrome-nickel steel which is welded in place 
as described for the high-pressure blading. 

The use of lashing wires is avoided except in the case of low- 
pressure blades where they are useful for tuning purposes. Lash- 
ing wires are not used in blades where the natural frequency of 
the assembled blade groups under operating conditions is more 
than 4 times the rotational frequency. 

When lashing wires are used in Cyclops blades, the blade is 
drilled and the edges of the holes suitably rounded. A short 
section of 19-9 chrome-nickel wire is welded in place in each 
blade. After welding, the blade is stress-relieved at 1125 F, 
When the blades are in place in the spindle, the ends of the in- 
dividual lashing wires are joined in groups by welding. In this 
way the heating effect of the final-assembly welding does not 
reach the body of the blade. 


LOW-PRESSURE BLADING FOR MAXIMUM TIP SPEEDS 
Lrmitina Capacity OF CONDENSING MACHINES 


At the present time, the limiting exhaust-blade practice is a 
20-in. blade with a tip speed somewhat over the sound velocity 
in steam at 29 in. vacuum. In Allis-Chalmers 3600-rpm practice, 
20-in. blades are mounted with a tip diameter of 80.5 in. with a 
corresponding tip speed of 1264 fps. Regarding the capacities 
for which these blades can be used, this selection involves a com- 
mercial consideration of the actual load requirements and operat- 
ing charges for a given system, which will in turn indicate the 
amount of leaving loss which can be allowed. If operating condi- 
tions of 1200 psi gage 925 F and 29 in. vacuum be assumed with 
four stages of feed heat- 
ing, the leaving loss of a 
double-flow low-pressure 
end with 20-in. blades at 
3600 rpm will be as given 
in Table 1 (on the follow- 
ing page) at the respective 
capacities. These blades 
are assumed to be mounted 
with a tip diameter of 80.5 
in. and with an opening co- 
efficient of 0.6. 

The present outlook 
does not indicate a radical 
tendency toward an ,in- 
crease of tip speeds. The 
length of the Allis-Chal- 
mers blades described is 
just under '/; of the mean 
diameter. The form of the 
passage at the tip section 
must be a compromise 
with some sacrifice in effi- 
ciency in the interest of 
practical construction. An 
appreciable increase in 
blade length with respect 
to the mean diameter does 
not seem probable at this 
time. 

The effect of water ero- 
sion is sufficiently serious 


Fig. 26 Axtat-Stor Type 18-19. 
3600-Rem Low-PreEssuRE BLADE 
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TABLE 1 


Leaving loss expressed as a per cent of total 
adiabatic drop including corrections for 


Rated load feed heating and underexpansion 
40000 kw 1.9 
50000 kw 2.9 
60000 kw 4.0 


at the present tip speeds to preclude any strong tendency for 
increased tip speeds. The present trend of 3600-rpm construction 
is, therefore, in the direction of multiple-cylinder low-pressure 
elements where maximum-capacity units are considered. 

The present limiting annular area for 3600-rpm low-pressure 
blades is about 26.4 sq ft. This is the area corresponding to the 
20-in. blades mounted with a tip diameter of 80.5 in. previously 
referred to. 

Fig. 26 shows an 18-in. blade of this type with a tip diameter of 
76.5 in., with a corresponding annular area of 23 sq ft. Fig. 27 
shows an assembled row of these blades in place in the spindle, 
and Fig. 28 shows the axial-entry spindle slots in which the 
blades are installed. The design of these blades is based on a 
cross-sectional-area ratio of 6, i.e., the sectional area of the base 
of the blade is 6 times the area at the tip. The ratio of mean 
diameter to length is approximately 3, which means that there 
is a substantial change in the contour of the steam passage from 
the base to the tip. 

For annular blade-outlet areas between 21 and 26.4 sq ft at 
3600 rpm, the 13-chrome stainless iron is used because of its 
greater strength at low temperature. This material is forged to 
within about '/is in. of the finished surfaces and then completely 
machined to the final sizes. 

Shrouding and lashing members are necessary in the last row 
of blades to reduce bending stresses and to bring up the natural 


> frequency of vibration to the required value. A section of 


shrouding, one blade pitch in length, is welded to the tip of each 
low-pressure blade. The shrouding is of the 19-9 chrome-nickel 
steel. A short stub end of 19-9 chrome-nickel lashing wire is 
welded to each side of each blade, thereby eliminating the lash- 


ASSEMBLY 18-IN. 


3600-Rpm Low-PrREssuRE BLADES 


Fig. 28 FoR AXxIAL-SLoT BLADES 
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ing-wire hole. A generous coating of stellite is welded on the inlet 
edge of each blade for about ?/; of the length from the tip to re- 
sist water erosion. The stellite is fused to the blade with an acety- 
lene torch. The blade is preheated to about 900 F for these weld- 
ing operations. 

After the welding is completed, the blade is heat-treated by 
quenching in oil from 1750 F and drawing at 1125 F. In this way 
the harmful effect of the air-hardening is greatly reduced. 

After the blades are assembled in the spindle, the correspond- 
ing shroud and lashing members are joined by welding. The 
welding after assembly is entirely between non-air-hardening 
materials. The local heating of the final welding operations does 
not extend to the body of the blade. 

The sectional shrouding is of cantilever form, each section be- 
ing secured to the blade by a generous welding bead. The ex- 
treme overhanging ends of each cantilever are joined by light 
welds after assembly. The overhanging cantilevers are designed 
to be stable in the event of accidental breakage of the assembly 
welds so that failure from centrifugal stress will not occur. 

The two machines, equipped with 18-in. low-pressure blades 
which operate at a tip speed of 1200 fps, are in their second year 
of service and have thus far disclosed no troubles of any kind in 
the low-pressure blading. Two rows of these blades are installed 
in the low-pressure turbine of the 35,000-kw 3600-rpm turbine 
at Des Moines and one row in the single-flow machine at Spring- 
field, Ill. From this experience, there is good reason to expect 
that the 20-in. blades, which will be designed on the same engi- 
neering principles and stress limits, will also operate satisfac- 
torily. 


Fig. 29 ELEMENTS 


Nozz_e DEsIGN 


Figs. 29 and 30 show the type of nozzle elements used in high- 
pressure high-temperature machines. The nozzle ports are 
machined in individual stainless-steel elements which, when 
assembled, form the accurately machined steam ports. The 
assembly drawing of a similar nozzle is shown in Fig. 31. Each 
individual steel block in the group of central elements is defined 
Fig. 30 Nozzip ELEMENTS by radial end planes which are carefully fitted together. After 
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the central group of elements is assembled, the inner and outer 
ring segments are fitted over tenons and welded in place. 
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Discussion 


R. P. Kroon.* Air-hardening 13 per cent Cr steel and non- 
air-hardening nickel-chrome austenitic steels have been de- 
scribed as applied to turbine-blade service. Many years ago the 
Westinghouse Company adopted 13 per cent Cr blade steel be- 
cause it was one of the few corrosion-resistant alloys adapted to 
forging. More recently, the forging process has been abandoned 
for manufacturing reasons on all except low-pressure blades. 
We are, therefore, in a position to use any of several high-tem- 
perature alloy steels suitable for machining. 

A large number of such materials were made into blades for 
experimental purposes and some have been used in turbines in the 
field. Among these materials, the 13 per cent Cr steel has dis- 
tinguished itself because of its superior yield strength and its 
metallurgical simplicity and uniformity. 

We recognize the problem of air-hardening in 13 per cent Cr 
steel as a result of shroud welding, but have used this process 
for a number of years under proper control and with but slight 
difficulty. It has been found recently that the 13 per cent Cr is 
unique in that it possesses many times the damping capacity of 
any other high-temperature material known to the art. We con- 
tinue to regard the 13 per cent Cr stock as that having the most 
desirable combination of qualities for turbine blading. 

We cannot very well agree with the statement that blades 
having a natural frequency well over 5 times the running fre- 
quency are sufficiently remote from resonance so that the stresses 
are not intensified thereby. It is our experience that, even with 
full admission, the resonance effect is important at frequencies 
up to say 12 times the running speed. We are using statistical 
data to insure a safe design for these medium-size blades. 

By this time it should be well recognized that the impulse-blade 
problem is industry-wide. It behooves us that this fact should 
be admitted; the problem is there whether we do so or not. 

The writer has been particularly interested to find that the 
assumptions, on which the author has based his calculations, are 
almost identical with our own original suppositions. However, 
we have felt very strongly that quite a few of these assumptions 
are based on such loose grounds as to make necessary the ex- 
perimental determination of the exact nature of the forces and 
motions involved in actual operation. 


Bey tes? solutions in detailed form have been presented by H. D. 
mmert in a ‘‘Mathematical Section” of this paper, as originally 
nay by the Allis-Chalmers Manufacturing Company, prior to 
é 1940 Semi-Annual Meeting of the Society. Copies are available 


| on request to that Company. 


“a Manager, Experimental Engineering, Westinghouse Electric & 
anufacturing Company, South Philadelphia, Pa. Jun. A.S.M.E. 
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We started a research program using optical equipment to 
measure actually the blade deflections, first on a small pilot 
turbine which was placed in operation 9 months ago, then on a 
full-size Curtis turbine, operating at 1250 lb 900 F. This work 
was recently described.” We are more and more convinced that 
this investigation is of vital necessity to give those data which 
cannot be derived theoretically. 

There is, for example, the assumption that a blade receives its 
load gradually as it travels one blade pitch. In the absence of 
experimental data this assumption is probably as good as any 
other. But one must not forget that actually the forces on the 
blade are caused by the reactions of a very complex nonsteady 
steam flow on either side of the blade. Actually, we find that it 
may take a distance of several blade pitches before the blade 
force steadies out. 

Instead of a gradually increasing steam load which the author 
has assumed, we often find that the first shock on the blade enter- 
ing the steam jet is in a direction opposite to the torque force. 
This can be explained physically by the fact that, as the steam 
first enters the blade passage, it tends to push the blades apart. 
This pressure wave causes a negative rather than a positive torque 
force on the trailing blade. 

Our findings have also indicated that, in general, it is not 
sufficient to limit consideration to vibration in the circumfer- 
ential direction only. We formerly believed that the lateral 
vibrations of the blade were not important, but we now know 
that, on an impulse-blade group, there are at least three natural 
modes of vibration which should be considered. The first is a 
vibration in the plane of rotation, the second is one in which the 
blades vibrate perpendicularly to the plane of rotation, and the 
third is a torsional motion of the group as a whole. Under cer- 
tain conditions, it is necessary to take into account all three 
modes. 

In our opinion, expanding the steam down to more than sound 
velocity in nozzles of the nonexpanding type is quite feasible, 
provided that this superacoustic range is explored experimentally 
to establish safe limits. This we are doing in our developmental 
turbine. We believe that, with this background, the additional 
efficiency at low turbine loads can be made available without a 
risk. 

The statement is made in the paper that, with a gradually in- 
creasing load, the maximum displacement of the blade will be 
produced when the initial displacement is zero, as the load is ap- 
plied. That this is not so can be appreciated when one con- 
siders the limiting case of suddenly applied load, for which we 
know that maximum displacement is produced when the initial 
velocity, and not the displacement, is zero at the instant the load 
is applied. 

The writer believes the author will be able to check his con- 
clusions that the phase angle for optimum displacement depends 
upon a relation between loading time and natural period and 
trusts he will see fit to revise his calculations to take this into 
account. 


G. B. Warren. The author has presented an interesting 
analysis of the forces on the first-stage partial-arc-admission 
impulse-blade element, which should have common application 
in varying degrees to all types of turbines incorporating this 
construction. Such analyses should be of great value. 

The group of engineers with which the writer is associated 
has followed a somewhat different method in its endeavors to 
attain the same result, namely, a stable and reliable construction 


7™“Superposed Turbine Blade Research,” by F. T. Hague, Me- 
chanical Engineering, vol. 62, April, 1940, pp. 275-277. 

8 Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 
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for the heavily loaded buckets of first-stage impulse elements. 

Fortunately, we had as background nearly 35 years of experi- 
ence in building first-stage partial-admission impulse buckets, 
which included several hundred rows, a few of which had given 
trouble in service. We became convinced during the course of 
this experience that the difficulties were due to vibrations pro- 
duced by the operating conditions. However, it has always been 
felt that these vibrations and their consequent stresses were so 
complex and of such varied form as to make any simple rational 
analysis inexpedient. A statistical study of the conditions under 
which such troubles occurred, and those under which they were 
not present, indicated a rather definite function of the ratio be- 
tween the severity of the conditions and the strength of the bucket 
and its attachment. Formulating this knowledge into design 
practice was undertaken about 12 years ago with the result that, 
except for a few isolated and special cases, difficulties with 
these elements have practically disappeared. Recent tests appear 
to indicate that no sacrifice in efficiency seems to result from the 
use of the wider and, hence, stronger buckets. 

The indications from the paper are that the author’s analysis 
is leading him to conclusions of about the same type and magni- 
tude as our own. 

As to the details shown, we differ in materials used, in attach- 
ments of buckets to rotors, in method or shrouding the buckets, 
and innumerable details of design and construction. The fact 
that two or three turbine manufacturers differ in such things is 
probably the greatest safeguard to the power industry. It in- 
sures a minimum average of trouble, and the maximum possible 
progress. 

The design and construction technique shown for the last rows 
of blading on limiting-capacity turbines is most interesting. 
From the illustrations, it seems evident that the shroud band 
and lashing members finally are reduced to one continuous 
piece. Some additional discussion of this construction would be 
of interest. 


A. L. Krmpau.* This paper brings to focus two things, i.e., 
the importance of avoiding a condition of resonance, wherein a 
periodic exciting force is in step with one of the natural frequen- 
cies of the elastic bucket system; it brings out the importance of 
safeguarding possible dangerous resonant-vibration amplitudes 
by having as much internal damping in the buckets as possible. 

The dangerous effect of resonance is well shown from the au- 
thors’ Equation [19],! by setting the exciting frequency equal to 
the natural frequency so that w = w,. In this case Q is seen 
to be equal to zero and FR reduces to the logarithmic decrement 
8 divided by x or R = 6/x. The last two terms of Equation [19] 
then become 


This is seen to be over 50 times as great as for the case chosen 
by the authors which gave ymax = 0.000106 in. Furthermore, 
the first term of Equation [19] was omitted, which makes the 
value of Equation [2] of this discussion conservative. 

Note also that Equation [1] herewith may be directly derived 


* Engineering General Department, General Electric Company, 
Schenectady, N. Y. Fellow A.S.M.E. 

10 This discussion refers not only to the paper proper by R. C. 
Allen but also to a mathematical section by H. D. Emmert, which 
was presented at the meeting. Space did not permit publication of 
this section in the Transactions, but copies of the mathematical treat- 
ment may be obtained upon request to the authors. 
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from the case of a simple linear oscillator,"! which alone gives us 
the important part of the picture. 

Note that, since the deflection given by the authors equals 
0.000035 in. for a steady force of 350 lb at the tip of the bucket, 
an equivalent force of amplitude 55,000 would be necessary to 
produce the deflection at resonance given by Equation [1] of this 
discussion, where the term amplitude in this case, equals the + 
or — amplitude of the periodic force, the total range of which 
from + to— is therefore 110,000 lb. This can be seen to produee 
a maximum stress far beyond the fatigue limit when it is noted 
that the total volume of this bucket is about 0.6 cu in. of ma- 
terial. Thus, if it is assumed to be of rectangular shape, | in. 
high, 1 in. wide, and 0.6 in. thick, the maximum vibration stress 
at its base is over 500,000 psi. 

The analysis in this paper gives an excellent idea of the im- 
portance of impulse excitation of bucket vibration, and shows 
that its intensity is always far below that arising from resonance 
produced by even a moderate periodic force, which was taken 
as 0.1 the average bucket load in the author’s case. Further- 
more, the analysis also shows that the damping in the buckets 
is not an important factor in controlling impulse excitation. 

The real reason for damping is to control the amplitudes which 
might arise on resonance as given by Equation [2] of this dis- 
cussion. 

The writer personally dislikes the use of the terms ‘primary 
resonance” and “secondary resonance.”” The former represents 
a condition of impulse excitation and is not a resonance at all 
in the sense that the second type is, which is by itself the true 


resonance. Fig 
A complicated elastic system like that of the bucket zone of 3 
turbine wheel may have several modes of high-frequency vibra have 
tion to each of which a resonant vibration will build up if in step F By de 
with some periodic exciting force, and some of which may be J ing st 
dangerous. Furthermore, such modes of vibration are not readily the ro 
predicted by available methods of analysis, so the only sure way — tions \ 
is to find what they are from actual test. It v 
Prevention of such failures therefore requires: ciable 
1 The definite location of the type and frequency of possible F oe 
modes of vibration from actual tests, which may be in the range FF variati 
of known high-frequency exciting forces which arise during oe 
turbine operation. 
2 A thorough study of the damping of bucket materials f th 4 
under operating conditions, the latter being an insurance against The 
danger from the former. where 
3 Adequate area of cross section for safe performance. tached 
These methods of attack are now being applied by turbine F two p, 
manufacturers who appreciate the danger only too well, and > force) ; 
steady progress is being made. ) Pose w’ 
tem ab 
T.C. Ratasone." The authors are to be commended for tie If th 
presentation of this valuable and instructive paper and the ™ fF it will ¢ 
search behind it on blade-failure problems which have caus! FF alone, , 
some anxiety. creases, 
The writer is particularly interested in the reasoning leading” [> system 
the conclusion that, as some resonance in impulse blading is & [7 the pict 
avoidable, the blades must be designed to withstand the mF) Assu 


unfavorable combination of conditions. 

The frequency calculations are based on the assumption that 
the blades remain tight in the root, that is, the node point 8 
fixed. It was pointed out that looseness in the root with pa 
admission permits a rocking impact or chatter which may 


11 “Vibration Damping Including Case of Solid Friction,’’ by AL 

Kimball, Trans. A.S.M.E., vol. 51, 1929, paper APM-51-21, p. en ; 
12 Chief Engineer, Turbine and Machinery Division, Fidelity 

Casualty Company of New York, New York, N. Y. Mem. ASME 
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Fig. 32. Errecr or LoOSENESS IN BLADE Root 


(a, Blade with loose root fastening, at reat; 6, oe age at one extremity of 
movement; c, section through blade root.) 


(a) 


(b) 


Fig. 33 ScHEMATIC REPRESENTATION OF BLADE-Root SysTeEM 


have set up excessive repetitive stresses, explaining past failures. 


_ By designing for a centrifugal-stability factor over the overturn- 


ing steam-force moment, the authors insure the nodal fixity at 
the root necessary for the assumptions in the frequency calcula- 


| tions which follow. 


It will be interesting to point out here that, with any appre- 
ciable looseness in the root, the natural frequency of the blade 
becomes a function of the amplitude of vibration as well as of 


» its mass and elastic properties, and thus may undergo wide 


variations. Fig. 32 (a) represents a blade with loose root fastening 
in repose, and Fig. 32 (b) the position at one extremity of move- 
ment, having rocked on one bearing shoulder until stopped by 


» the limiting clearance in the groove. 


The system can be illustrated schematically by Fig. 33 (a), 


| Where the blade is represented by a pendulum A rigidly at- 
» tached to a bracket B, serving as the root, and supported at the 


| two points C and D (root shoulders). 


Gravity (centrifugal 
force) is pulling downward, attempting to hold the system in re- 
pose while the pulsating steam force F is tending to rock the sys- 


» tem about the bearing point D. 


If the pendulum is displaced slightly to one side and released, 


; it will oscillate or rock back and forth under the action of gravity 
alone, at a frequency which increases rapidly as amplitude de- 


creases, precisely like a rubber ball dropped on the floor, until the 


) fystem comes to rest. So far, neither mass nor elasticity enters 
the picture; only centrifugal force (gravity). 


Assume now that the displacement is great enough for the 


» Corner of the bracket or root to strike at E. First there will occur 
he elastic deformation at E due to the impact, and also a flexural 


bending of the pendulum in attempting to carry on in the left- 
ward movement. In addition to the steam and centrifugal 


i forces there, we have both bending and impactive forces at the 
| fillet P » With the stress-magnification factor due to impact 
depending upon the “softness” at the contact points. 


€ restoring forces to complete the other half of the cycle now 


on: 
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Fic. 34 TURBINE VIBRATION CAUSED BY 


ImpaAcTIvVE INTERFERENCE NEAR Root 


Fig. 35 INsTaANTANEOUS PosiTION OF BLADE MAKING (a) 1 AND (0) 2 
CoMPLETE VIBRATIONS DurtING Time REQuIRED FOR 1 REVOLUTION 


1 The elastic “rebound” at the impact areas. 

2 The elastic and inertia properties of the pendulum system. 

3 The gravity force acting through the clearance space E to 
E’. 

An intermediate impact also occurs in this simple system as 
the rocking points C and D strike their seats. 

The frequency of such a system depends not only upon the 
mass and elastic characteristics of the blade itself, but also on the 
impactive resilience, and finally on the extent of free movement 
or amplitude limited by the clearances. The frequency is prac- 
tically indeterminate. The vibration of such a system can no 
longer be expressed by linear differential equations, and hence is 
called “nonlinear” vibration. Professor Timoshenko! points 
out that such systems may often nullify the effect of resonance 
because, as resonant amplitudes build up, the change in ampli- 
tude itself becomes a sort of inhibitor by altering the natural 
frequency away from resonance. 

There have been examples, however, where impactive inter- 
ference with free vibration caused a great increase in amplitude 
and hence stresses. These cases seem to involve a critical condi- 
tion in which the elastic rebounds from impact somehow augment 


13 ‘Vibration Problems in Engineering,” by S. Timoshenko, D. 
Van Nostrand Company, New York, N. Y., 1937, pp. 117 and 145. 
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or aggravate critical vibration. Increased turbine vibration due 
to impactive movement from excess clearance in turbine bearing 
keys is a familiar example. This is further illustrated by the 
model Fig. 34. In Fig. 34 (a) the cantilever or blade is shown 
vibrating steadily in response to magnetic impulses; at (b), with 
no change in the magnetic impulses, the vibration has been greatly 
increased or “drawn out’’ by impactive interference near the 
root. 

It is pointed out it the paper that, when the natural frequency 
of the last-row low-pressure blades is less than 4 times the run- 
ning speed, tuning is resorted to, to avoid resonance. Presum- 
ably, the periodic forces from which this blading is to be pro- 
tected arise from torsional oscillations of the rotor or linear 
vibration of the rotor due to unbalance, at the frequency of rota- 
tion, rather than periodic steam forces. 

Primary resonance occurs when the natural frequency of the 
blade coincides with a torsional oscillation once per revolution, 
but resonance with linear vibration from unbalance does not occur 
until the natural frequency of the blade is twice the rotational 
frequency. Therefore, a blade frequency of 4 times the speed of 
rotation actually represents a multiple of only 2, as regards 
fundamental resonance. Likewise, no resonant amplitude should 
be built up when the blade frequency is just equal to linear vibra- 
tion at the frequency of rotation. 

In Fig. 35 (a) are represented the instantaneous positions of a 
blade making one complete vibration during the time required 
for one revolution. It is assumed that the blade vibration is 
caused by the linear vibratory movement of the rotor due to un- 
balance, acting on the blade through the root fastening. The 
blade is shown in the neutral position at 1, and at the extreme 
limit of its vibration in the leading direction at 2, after 90 deg ro- 
tation. The blade passes through the neutral position again at 
3, and reaches the opposite extreme at 4, in the trailing direction. 

But the inertia forces on the blade from the rotor vibration, 
which caused it to be displaced forward at 1 as shown in the first 
part of the cycle, would again cause the blade to travel forward 
at 3 during the second half of the rotor vibration cycle, instead 
of the backward motion attempted by the free vibration of the 
blade. In other words, the ‘‘return-stroke” exciting force op- 
poses the completion of the blade-vibration cycle, and should 
discourage building up resonant amplitudes. 

In Fig. 35 (b) is shown the situation where the natural fre- 
quency of the blades is twice the running frequency. Here the 
natural blade movements are in proper phase with the rotor 
vibration to produce fundamental primary resonance. 

Fortunately, as the author points out, there has been little 
difficulty with fatigue failures of the last-row blades due to reso- 
nance. Curiously, we had all been far more concerned over 
the possibility of fatigue failures in these large blades than 
in the rugged shorter blades which actually have given more 
trouble. 


AvuTHOR’s CLOSURE 


With reference to Mr. Kroon’s discussion concerning the 13 
per cent chrome blading steel, the author believes that all turbine 
builders are in the same position as that assumed by Westing- 
house, namely, each is ready to use the material which he con- 
siders the best for steam-turbine blading. That the 13 per cent 
chrome steel has justified its adoption for this service is well 
demonstrated by the number of turbine builders who make 
successful use of this material. The author states in his descrip- 
tion that this alloy is the best material for low-pressure blading. 
Many years of development and metallurgical research were 
required before the 13 per cent chrome steel was produced as a 
useful blading alloy. It was the author’s privilege to be as- 
sociated with Francis Hodgkinson and Norman Mochel during 
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the early development of this material by the Westinghouse 
Company. 

Paralleling the work of the Westinghouse and General Electric 
Companies on the 13 per cent chrome steel, the Allis-Chalmers 
Company has developed the austenitic Cyclops alloy described in 
the paper. They, too, are in the position of being able to use the 
blading steel that they consider the best for blading. The con- 
clusion that the Cyclops alloy offers advantages for all but the 
longest rows of low-pressure blades is again a matter of many 
years’ development and research which was only briefly indicated 
in the paper. The author recognizes that each material has ad- 
vantages and disadvantages, so that a careful survey of the merits 
of the two materials is necessary. The excellent service record of 
the Cyclops alloy speaks well for its reliable qualities for blading 
service. 

With reference to the difference in damping capacity, this 
property is still under investigation. It is necessary to point out 
that, as stated by the author during the discussion of the paper 
when presented, partial-admission impulse blading, such as 
illustrated for the Northwest top turbine, is designed so that the 
structure is safe with a logarithmic damping decrement as low 
as 0.0002, including a stress-concentration factor of 2.0 due to the 
fillet at the base of the blade. It is believed that the construction 
described, in which due allowance is made for amplification of 
the bending stress from primary and secondary resonance, is 
based on logical reasoning and that safety is insured if the pro- 
portions permit the operation with safe stresses with the low 
damping decrement mentioned in this paragraph. 

Mr. Kroon indicates that he is not in agreement with the 
statement that full-admission blades having a natural frequency 
over five times the running frequency are sufficiently remote 
from resonance so that the stresses are not intensified thereby. 
He also indicates that he has found the resonance effect to be im- 
portant at blade frequencies up to about 12 times the running 
speed. The author’s experience is not in agreement with this, 
although quite a number of cases have arisen in which this was 
first thought to be the cause. Careful analysis of other effects, 
such as pressure differences in the blade path or defects in the 
mechanical construction, were in each instance sufficient to cause 
the high resonance ratio to be abandoned as a reason for trouble. 

Mr. Kroon points out that his company is using statistical data 
to insure a safe design for blade structures. This practice is today 
and, so far as the author is aware, always has been the underlying 
principle employed by all blading designers. Blading stresses 
and calculation processes have always been checked and compared 
and the constants evaluated by comparison with practical results 
taken from field experience or laboratory research. 

With respect to Mr. Kroon’s comments on the general chat- 
acter of the impulse-blade development, the author agrees that 
the assumption that a blade receives, its load gradually as it 
travels one blade pitch is much on the safe side as very elementary 
considerations will serve to show. The author agrees that it may 
take a distance of several blade pitches before the normal driving 
force is established on the blade. The statement that, in the e 
perimental turbine built by Westinghouse, the first movement of 
the blade entering the steam jet is opposite to the torque forces 
very interesting. All of these effects appear to the author of & 
nature that does not modify the general validity and safety af 
the primary assumption of the paper with respect to the time ° 
loading. 


The author is in agreement with Mr. Kroon, in that it is nece* f 


sary to consider the vibration of blade structures axially and 
torsionally, as well as circumferentially. The study of impulse 
blade structures in the paper is limited to the circumferentil 
motion, because, in wide-root blades of the type described, this 
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that may be shrouded and lashed together in groups, considera- 
tion must be given to the other modes of vibration. 

With respect to expansion ratios that correspond to more than 
sound velocity, the author’s statement in this connection applied 
specifically to high-capacity top-turbine design. In such ma- 
chines, it is the present practice to arrange the first group of 
nozzles to be fully opened at the time the pressure in the first 
stage is reached which corresponds to the sound velocity at the 
nozzle outlet. In normal condensing turbines, in which the steam 
flow is less than in top-turbine practice or in top turbines of mod- 
erate size, the design is arranged so that the sound velocity is 
exceeded under light load conditions. 

With reference to Mr. Kroon’s comments concerning the phase 
relation of the blade motion with respect to the time of applica- 
tion of the steam load, the mathematical supplement shows that 
for maximum amplification the steam load is applied at a point 
where the blade is at zero displacement and starting on the back- 
swing, under conditions where the blade is loaded in an odd num- 
ber of half cycles. At this time of application the velocity is a 
maximum in the backward direction. This is not the same as the 
case of a suddenly applied load. With a high natural frequency 
of the impulse-blade system, the time required to establish the 
mean driving load on a blade should always be greater than a 
half cycle of blade motion. In such cases, the maximum ampli- 
fication will take place when the mean driving load is established 
inan odd number of half cycles with the phase relation here men- 
tioned. If, however, the mean driving load is established in less 
than a half cycle, then the phase angle changes, depending on 
the exact time relation, until in the limit case, in which the load 
is applied in zero time, the maximum displacement of the blade 
will be produced when the initial velocity is zero at the instant 
the load is applied, as stated by Mr. Kroon. This limit case can- 
not be realized in practice. 

It is desirable to review the conditions that define primary 
resonance. This summary was given in the abstract of the 
paper as presented in Milwaukee and also in the mathematical 
supplement by Mr. Emmert. 


(a) The start of the application of the steam load takes place 
at a point where the blade is at zero displacement and starting 
on the backswing at which time the vibrational velocity is a 


maximum backward. 


(b) The full steam driving load is assumed to be reached in an 


_ odd number of half cycles of blade motion. If the frequency of 
_ the blade is such that there is not an odd number of half cycles 
- in the actual time of load application, the time is adjusted 


slightly for purposes of calculation. 
(c) The full steam driving load is assumed to be applied for an 
even number of cycles of blade motion. The time adopted for 


_ calculation purposes is adjusted slightly if necessary. 


(d) The time at which the release of the load starts is assumed 


_ to be at a point where the lade is at zero displacement with re- 


spect to the static deflection and when the blade is starting on the 
forward swing. In other words, the blade is moving at its maxi- 


mum velocity forward. 


(e) The removal of load is assumed to be completed in an odd 
number of half cycles, 


(f) The idle portion of the arc is assumed to include an even 
number of cycles, 


With reference to Mr. Warren’s discussion, he stresses the 
Statistical study of impulse-blade performance from which his 


‘ompany’s design practice has been evolved. As indicated in 


the author's comments on Mr. Kroon’s discussion, this same type 
of statistical analysis has been a necessary standard practice for 


_ Many years with turbine-blade designers. 


Referring to Mr. Warren’s comments on the continuous joining 
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of low-pressure blade-shroud bands, this has been the practice 
of the Allis-Chalmers Company for many years. What the author 
considers an exceptional record of reliable operation of low-pres- 
sure blading justifies this construction. The very few cases where 
last-row-blade trouble has occurred have been explained by well- 
recognized causes. In Allis-Chalmers practice, the low-pressure 
blades are first shrouded in groups leaving, say, ten or more gaps 
open between sections. The spindle disk, or in 3600-rpm ma- 
chines the entire spindle, is heated in a suitable oven to about 
350 F. The body of the spindle is then protected with insulating 
material and the blading allowed to cool for a predetermined 
period, after which the open junctions in the shrouding are joined 
by welding. When the temperatures in the spindle and the 
blading are equalized, the shrouding is then in compression. 
Experience has shown that there is little trouble in the breaking of 
these joints. Where broken joints between shroud sections have 
occurred, these have been traced to some recognizable cause, 
such as the close proximity of ribs in the exhaust chamber, or 
the unequal draft of steam through a bleeder connection in which 
the extraction belt was not well proportioned. 

Mr. Kimball points out the dangerous effect of resonance of the 
type classed by the author as secondary resonance. As indicated 
by Mr. Kimball, resonance between the natural frequency of 
the blade structure and the periodic force set up by the nozzle 
flow can produce amplification factors of a high order. In fact, 
if all terms of Equation [19] are considered for the case reviewed, 
the amplification factor for true resonance is of the order of 1000. 

Mr. Kimball further points out that the intensity of what he 
terms “impulse excitation of bucket vibration” is responsible for 
an intensity far below that arising from resonance produced by 
even a moderate periodic force. This is extremely important, and 
fortunately a condition that is capable of control by proper design. 
The author is in full agreement both with Mr. Kimball and Mr. 
Kroon regarding the desirability of experimental investigation of 
the vibration of blading, although, in the author’s opinion, the 
real value of such experimentation is not realized unless guided 
by a sound background of fundamentals. 

The author wishes to point out that the steam load of 350 Ib 
is applied at the mean diameter, not at the tip of the blade as 
assumed by Mr. Kimball. 

The cubical contents of the port section of the Northwest blade 
are over three times the 0.6 cu in. used in Mr. Kimball’s dis- 
cussion. 

With reference to Mr. Rathbone’s remarks, impulse blading 
must be designed to withstand primary resonance. Secondary 
resonance can be avoided by design. 

The author is in agreement concerning the important effect of 
looseness of the blade roots on frequency and the difficulty of pre- 
dicting the frequency of a blading system in which looseness of the 
blade roots enters the problem. In past practice, some cases of 
partial-admission impulse-blade failures have been attributed 
to undue looseness of the roots. 

Where looseness of the roots of partial-admission blades is a 
vause of failure, it is the author’s belief that the blades are not 
correctly proportioned. 

The difficulties associated with securing tightness of the roots 
in their grooves under conditions of full speed and full operating 
temperature are stressed in the paper, and the necessity of adopt- 
ing proportions for the blades and roots that will maintain stabil- 
ity by the effect of centrifugal force is emphasized. If, for ex- 
ample, the stress-amplification factor on the bending moment 
is found to be 10, the centrifugal stability factor, expressed 
as the ratio of centrifugal stabilizing moment to the static 
value of the steam overturning moment, should be at least 15, 
if stability is to be maintained. 

Mr. Rathbone’s discussion gives this opportunity to stress 
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further the importance of maintaining design proportions so that 
the rocking or chattering of the blades in their grooves due to 
looseness can never occur. 

With reference to the resonant conditions described by Mr. 
Rathbone in connection with the last-row blades, the author is 
in agreement with the general principles indicated in Fig. 35. 
The periodic forces against which the blading must be protected 
are probably not as much due to the variation in the steam driving 
force from blade to blade, as to the effects produced when a given 
blade passes through different pressure zones. The cylinder 
design is planned to reduce to 8 minimum such pressure differ- 
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ences. The effect produced when the low-pressure blades move 
in and out of zones of different pressures is similar to that which 
would be induced by torsional oscillation of the spindle. 

The limiting frequency ratio above which trouble from blade 
resonance is thought not to occur is in fair agreement with field 
experience, which indicates that resonant vibration does not 
cause trouble if there is close agreement with higher multiples of 
the rotational frequency than 4 or 5. 

In closing, the author wishes to express his appreciation to 
the A.S.M.E. for the privilege of presenting this paper and to the 
discussers for their valuable contributions. 
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Discussion of Attack on Steel in High- 
Capacity Boilers as a Result of Over- 
heating Due to Steam Blanketing 


By E. P. PARTRIDGE anv R. E. HALL 


This paper was presented at the Spring Meeting in New 
Orleans, La., February 23-25, 1939. Due to the fact that 
preprints were not available, discussion at the time of pres- 
entation was limited. Subsequent to publication in the 
October, 1939, issue of the Transactions it was decided to 
continue discussion at the Spring Meeting in Worcester, 
Mass., May 1-3, 1940. This discussion, together with the 
authors’ closure, appears herewith. 


P. B. Prace.! Although the authors group the given ex- 
amples of tube failure under a general classification of steam 
blanketing, there is sufficient difference in the nature of the 
failures so that they may be arranged in at least two groups, i.e., 
failures caused or accompanied by cracking, and failures by corro- 
sion without cracking. 

The first type of failure is characterized by cracking of the 
metal in areas that are alternately wet and dry. This type of 
failure is a form of stress corrosion in which attack is greatly ac- 
celerated by alternate heating and cooling and occurs along the 
bottom of the tube where the water laps the overheated metal. 
A typical case occurred in a circulator tube between an upper 
side-wall header and the steam drum. Cracking developed into 
failure at the bottom of a tube bend which was above the normal 
water level and normally out of the gas stream. Leakage of 
gases through a superheater seal near the point of failure caused 
local overheating, and a surging type of circulation, typical in this 


_ part of a boiler, periodically quenched the overheated section. 


The second type of failure is characterized by corrosion and 
loss of metal. Such corroded surfaces have been found along the 
tops of sloping tubes in the form of a narrow groove and also as 
_ deep pits in the bottom of sloping tubes under sediment deposits. 
_ Often the corroded surface is covered with soft smutty oxide 
_ mixed in some cases with colored chemical deposits. This type 
of failure appears to be due chiefly to direct chemical attack by 
_ Steam or water, or by salts which concentrate or deposit locally. 
In the analysis of these failures we can perhaps start from the 
_ following accepted facts: 


1 The failures are not accompanied by a deformation of the 
tube, except as such deformation may have resulted from ex- 
| cessive heating caused by the insulating effect of deposited corro- 
Sion products. 
| 2 The corrosion product is iron oxide which requires a source 
of oxygen. 
3 The protective oxide coating, which normally covers a tube 


"surface, must first be broken down to expose fresh metal before 
orrosion can develop. 


The absence of deformation in a tube, the wall of which is cor- 
: roded to one half its original thickness over a long period of time, 
4 definitely indicates that excessively high temperatures are not a 
» Prerequisite of the corrosion. Temperatures in excess of 1200 F 
7 are reported, which are believed either to be incidental or a 
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result of accumulation of corrosion products rather than a cause, 

There has been built up in the last few years a popular belief 
that very high metal temperatures are involved in these types of 
failure. Dissociation of steam has been given in many cases as & 
direct cause of corrosion and a source of oxygen. It is the writer’s 
belief that dissociation has erroneously been construed to mean a 
decomposition of water vapor by heat into oxygen and hydrogen 
with resulting attack on the metal by the liberated oxygen. At 
temperatures that will not cause deformation of a tube, the 
amount of dissociation of steam by heat is very small. The oxy- 
gen needed for corrosion is not oxygen freed by heat dissociation 
of water vapor but is extracted from steam, water or oxygen- 
containing salts by a reduction process. The metal is available 
for that reduction only after its normal protective oxide coating 
has been broken down. 

The concept of temperature difference in steam-blanketed 
tubes as given in Fig. 1 of the paper makes no allowance for 
heat conductance around the tube wall. Any appreciable in- 
crease in the temperature difference between the top and bottom 
of a steam-blanketed tube must result in an increasing proportion 
of the absorbed heat being conducted through the tube wall 
around the steam space. 

Thermocouple measurements of tube temperatures and metal- 
lurgical analyses are given as evidence of high-temperature 
conditions in conjunction with these failures. Chromel-alumel 
couples peened into boiler tubes in gas temperatures above 1500 F 
are quite dependent upon the method of installation for their 
reliability. The failure of such couples is not due to overheating 
where they are attached to the tube but due to oxidation and de- 
terioration of the lead wires exposed to the gases. During one in- 
vestigation of tube failures, we installed platinum thermocouples 
adjacent to chromel couples on all of the boiler tubes in question. 
At no time did any of the platinum couples register excessive 
temperatures although many of the chromel couples did and we 
found that the maximum period of reliability for chromel couples 
in gas at 1700 F was 2 days. Though many apparently lasted 
for weeks, any variations in temperature registered after 2 or 3 
days were open to suspicion. Relative to metallurgical analyses, 
it is common for reports to state that, because of changes in 
grain structure, it is concluded that the metal has been at tem- 
peratures in excess of 1000 to 1200 F forso many hours. In many 
cases, because of corrosion, this may be quite true. However, 
in one case reported in this manner, the sample had been taken 
adjacent to a header located outside of the furnace where such 
temperatures could not have existed. 

The breaking down of the protective coating is slow and dif- 
ficult in an atmosphere of steam alone. The experience with 
superheaters, experimental corrosion tests, and the commercial 
production of hydrogen, all indicate that the action of steam on 
hot metal is to form the protective coating and that the oxida- 
tion slows up as the time of contact increases. Water quenching, 
chemical attack of salt deposits, or mechanical effect of rapid tem- 
perature changes are necessary to break down the coating and 
allow corrosion to proceed. 
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In dry areas, formed by steam blanketing along the top of 
sloping tubes, there is little quenching except by water splashed 
against the top of the tube. However, the evaporation residues 
from the splashing remain on the tube forming a concentrated 
salt mat on the dry area. It is believed that the corrosion along 
the top of screen tubes is chiefly by chemical attack. This at- 
tack can be accelerated if the steam pocket periodically vents it- 
self and quenching stresses are added. 

A similar concentration of chemical may develop under de- 
posits of loose sludge on steam-generating surfaces with resulting 
chemical attack and corrosion under the deposit. Boiler water 
may diffuse into such deposits at a rate sufficient to keep the 
metal from burning and blistering but not at a rate sufficient to 
wash away the evaporation residues. Once corrosion is started 
by the chemical attack, the accumulation of products of corro- 
sion accelerates the action and, unless the tube is cleaned out, 
the deposit may eventually insulate the metal sufficiently to cause 
severe overheating and blistering. A failure of this type de- 
veloped in the bottom row of a sectional-header, high-pressure 
boiler which was initiated by an excessive phosphate-sludge 
condition in the boiler. 

Periodic quenching of overheated areas prevents the accumula- 
tion of chemical deposits and the likelihood of corrosion failure. 
The quenching, however, sets up very severe local stresses be- 
cause of the initial rapid absorption of latent heat and the pro- 
tective coating is continuously cracked, exposing fresh metal 
to attack. Tube failures under such conditions are crack 
failures. 

The expansion and contraction stresses in a thick-walled high- 
pressure tube, set up by overheating only 200 to 250 deg and 
repeatedly cooling by the rapid evaporation of quenching water, 
are very destructive to the protective oxide film. The metal 
exposed by cracking of the film reduces the steam by chemical 
action with liberation of hydrogen. 

In conclusion it is believed that the presence of water and/or 
its associated salts is necessary to the tube failures of the type 
under discussion and that such failures can be initiated at tube 
temperatures lower than 800 F. Improvement in boiler de- 
sign, and water conditioning; elimination of circulating sludge; 
better distribution of heat absorption; and standardization of 
conservative heat rates are the indicated trends toward the 
control and elimination of failures of this type. 


H. KReEIstncer.? The title of the paper implies that the type 
of corrosion discussed in the paper came into prominence with the 
use of high steam pressure. Many of the tube failures were ac- 
companied or caused by cracking of the internal surface of the 
tubes at a point where the internal surface was alternately dry and 
wet. The stresses produced by repeated quick-cooling result in 
cracking. The cracks in the stressed metal provide a large and 
clean surface for the action of boiler water, and the surface 
corrodes rapidly. The question arises whether the very thick 
walls of the tubes are not a major contributing factor in the 
failures? The tubes are selected for a given pressure, with a 
factor of safety of about 10, whereas the steam drums are de- 
signed with a factor of safety of 4.5. Why is the factor of safety 
for the tubes so high compared with the factor of safety of the 
drums? Surely, if the drum failed, more damage would be 
done than by failure of a tube. 

Mathematical analysis of the temperature stresses under 
normal conditions of operation indicate that the thick-walled 
tube is subjected to severe temperature stresses which would 
make failure by cracking almost inevitable, if the stresses were 
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not moderated by the flow of metal.? Steam drums are shielded 
from heat because the shell is too thick and might be damaged by 
heating. At the same time, thick-walled tubes are located where 
they are subjected to severe heating. When inquiry is made con- 
cerning the reasons for the very thick walls of tubes with a fac. 
tor of safety of about 10, the reason given is that the thickness js 
somewhat irregular and that the thinnest part of the tube wall 
after a certain amount of corrosion has taken place must still be 
strong enough to withstand the pressure. Some of the tubes 
have been corroded to less than one half their original thickness 
without any apparent distortion of the corroded area due to 
pressure. It appears that tubes with much thinner walls would 
hold the pressure and be less subject to the type of corrosion 
which is caused or accompanied by cracking of the inner surface 
of the tube. 

The engineer might benefit by the use of thinner-walled boiler 
tubes. They would cost less and they might reduce appreci- 
ably the failures from corrosion. He might also select tubes of 
smaller diameter and thinner walls. 

It is true that there have been some tube failures in low- 
pressure boilers with thin-walled tubes, but it is probable that 
the failures would have occurred in much shorter time had 
thick-walled tubes been used. The failure is due to tempers- 
ture stresses and the stresses are greater in the thick-walled tube 
than in a thin-walled tube. Lower stresses must be repeated 
over a much longer period of time than high stresses before they 
result in failure. A thin-walled tube may last years, whereas, 
one with a thick wall may fail in a few weeks. 


R. T. Hanion.‘ Further tube failures were experienced in 
the top tubes of the 4-tube-high headers. Thermocouple ten- 
peratures at the top of these tubes showed a normal temperature 
of from 600 to 620 F when the saturation temperature corr- 
sponding to pressure was approximately 580 F. 

When the boiler was operated under conditions of full rating 
and pressure, the tube temperatures would suddenly increase to 
approximately 1040 F at the top of the tube. This was prol- 
ably considerably lower than that at the bottom of the tube 
where the damage occurred. 

Reduction of drum pressure from 1300 to 1050 psi reduced 
tube temperatures in all cases to normal values. 

It was also observed that elevated tube temperatures it- 
creased in frequency, elevation, and duration as the concentrs- 
tion of total dissolved solids in the boiler water was increased. 

Various arrangements of the drum baffles and steam washer 
have been tried. The most effective baffle arrangement found 


to date takes advantage of the velocity of the water in the drum 


flowing from the uptake to the downtake tubes. The baffle § 


so located, as shown in Fig. 1 of this discussion, that "> 


directs the flow of water to the sectional-header downtakes. 
The effect of these baffle installations in combination with the 
installation of restrictor plates upon the upper half of the lowe! 
ends of the sectional-header tubes has been to permit the mainte 
nance of approximately 500 ppm total soluble solids in the boil! 
water. It has been possible to maintain this concentration 
full boiler pressure and rating without experiencing elevated 
tube temperatures or serious carry-over. It had not been possi! 
to maintain concentrations in excess of 100 to 150 ppm unde 
normal operating conditions previous to these installations. 


During all of this period the feedwater to these boilers ©” | 


sisted of turbine condensate, the make-up being evaporated 


low-pressure boilers. No further failures were experienced in the F 


upper sectional-header tubes. 


3 “Stresses in Boiler Tubes Subjected to High Rates of Heat Ab 


sorption,” by W. L. de Baufre, Trans. A.S.M.E., vol. 55, 1933, FSP 
55-6, pp. 73-98. 
* Consolidated Edison Co. of New York, Inc., New York, N. Y- 
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During October, 1939, after two months of operation with 
externally treated city-water make-up, drifts of loose sludge 
were observed near the downtake end of the bottom tubes of the 
sectional-header bank. Subsequently, several tubes failed in 
operation in this location, as is indicated in Fig. 2, herewith. 
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In every case of tube failure, large quantities of magnetic iron 
oxide were observed at or near the point of failure. The appear- 
ance and composition of a typical case are given in Fig. 3. Little 
if any indication of blistering or swelling of the outside of the 
tubes was observed. The apparent cause of failure was acceler- 
ated corrosion on the inside of the tubes at points where deposi- 
tion had occurred. This deposition apparently caused localized 
tube overheating due to insufficient heat transfer. 

Previous to the time when these failures occurred, continuous 
blowdown from the drum was employed for control of total 
solids. Under ordinary conditions of operation, blowdown from 
the drum is clear, indicating that, while soluble materials are 
removed from the boiler, insoluble compounds are not. In order 
to remove sludge from the boiler a procedure was, therefore, in- 
stituted by which each boiler was taken out of service every 4 
days and blown from the lower waterwall headers and the mud 
drum. 

The average alkalinity of the boiler water was also increased 
from 15-25 to 20-30 ppm NaOH. This appears to have pre- 
vented the further formation of a tough, adlierent silica scale 
upon the tube surfaces. : 

The amount of calcium-and-magnesium deposit was apparently 
decreased by shortening the cycle of the external-treatment units. 
In this manner the total quantity of scale-forming salts intro- 
duced into the boilers was decreased and resulted in cleaner tube 
surfaces. 

The over-all effect of the increased boiler blowdown, higher 
boiler-water alkalinity and the shortening of the cycle of the 
primary treatment has been to arrest corrosion of the sectional- 
header tubes due to deposition of sludge and scale. These 
procedures, however, have resulted in somewhat higher heat 
losses and carry-over to the turbine, necessitating washing of the 
blading. 


W. L. Wess.’ Inasmuch as the authors’ description of the 
Logan ash-screen-corrosion experience was carried only to the 
end of 1938, experience since that time may be of interest. As 
the authors indicated, the ash-screen tubes on the west half of the 
boiler were replaced during the November, 1938, shutdown 
with 3-in-outside-diam 12.5-deg-slope tubes of the same design 
as those installed on the east half of the boiler in May, 1938. 

Visual examinations of representative screen tubes in Febru- 
ary, 1939, showed the usual brownish black areas along the tops 
of the tubes, some being continuous narrow bands and others 
discontinuous bands of varying width. Those in the tubes on 
the west half of the boiler were more clear-cut than those in the 
east, due possibly to thinner deposits of sludge. Day loads on 
the boiler during the 3 months prior to this shutdown ranged be- 
tween 800,000 and 1,000,000 Ib of steam per hr. 

Although no indication of active corrosion was found in the 
screen tubes, these markings showed that corrosion might not 
have been completely stopped. In order to produce more inti- 
mate contact of the water with the top surfaces of the tubes, 
twisted sheet-steel spirals were placed in all screen tubes during 
the March, 1939, shutdown. These were constructed of pieces of 
No. 18-gage steel, 5.5 ft long, having a width slightly less than the 
inside diameter of the tubes and bent to give a complete 360-deg 
twist in 1.5 ft of spiral. In addition to installing the spirals, 
the lower burners were tipped upward 2.5 deg, giving a total 
angle of 4 deg from the horizontal, in order to reduce further 
the flame impingement on the screen tubes. 

No major inspections of ash screen tubes were again made 
until February, 1940. At that time, spirals were removed from 
seven representative tubes. All previously affected areas were 
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evenly covered with a thin reddish colored sludge, no black oxide 
whatever being evident. The calipering of these tubes indicated 
no measurable metal loss. Except for a light coating of red 
oxide, the spirals were clean and smooth and showed no indica- 
tion of corrosion. 

As reported in the paper, hydrogen-evolution measurements in 
saturated steam were started in March, 1938. The gases were 
separated from the condensed sample by means of a separator 
of the boiling-chamber type, similar to that used by Potter, 
Solberg, and Hawkins in connection with their study of super- 
heater-tube metal and were analyzed with an Orsat. Hydrogen 
was determined by the heated copper-oxide method. Usually 
two 2-hr samples were obtained each day. Hydrogen values ob- 
tained with this equipment appeared to have no direct relation 
to corrosion rate. Tests of the gas-removal efficiency of this 
separator, measured in terms of oxygen removal, showed it to 
have too poor efficiency to be suitable for measuring accurately 
the concentrations of hydrogen expected. 

An automatically controlled separator for continuous opera- 
tion, patterned after a tray-type deaerator, was therefore de- 
signed and constructed. After completion of preliminary tests, 
this unit was placed in operation in April, 1939, and has been in 
almost continuous service since then. Two gas samples are 
collected per day over 8- and 16-hr periods, respectively. Un- 
fortunately, this new separator was developed too late to be used 
during the period of severe screen-tube corrosion. 

Since hydrogen-evolution measurements are being more ex- 
tensively made on steam samples from high-pressure boilers, 
actual values in the Logan saturated steam may be of interest. 
During the last year the evolution values have had a direct rela- 
tionship to load and are approximately 18 and 22 1 per 1,000,000 
lb of steam at half load and full load, respectively. This rela- 
tionship has been substantially the same when feeding ferrous 
hydroxide or sodium sulphite in proportion to dissolved oxygen 
in the feedwater as a scavenger, or when no scavenger was fed. 
No tests have been made to determine the effect of excess ferrous 
hydroxide on hydrogen evolution. 

Equipment is being provided at both Windsor and Twin 
Branch for hydrogen-evolution measurements, the latter being 
equipped with a two-point recorder. Values of hydrogen in the 
feedwater, sampled at the economizer discharge (in one case 
equal to one half to three quarters that in saturated steam), indi- 
cate the necessity of sampling at both of these points, preferably 
simultaneously, to show the quantity of hydrogen actually 
evolved at the steam-generating surfaces. 

The Logan boiler water pH is still being maintained between 
9.6 and 9.8, since, under present load conditions, it is not con- 
sidered advisable to conduct experiments at higher pH values 
and because evaporator carry-over and condenser leakage are at a 
minimum. It is hoped that the pH ultimately can be carried at 
about 10.8. 

As was indicated by the authors, during the Logan screen-tube 
corrosion experience, soluble boiler-water chemicals “hid out” 
during high loads and were redissolved at low loads or when the 
boiler was taken off the line. At one time when the phosphate 
as PO, in the boiler water was being maintained at 30 to 50 
ppm, a total of 350 ppm of PO, “hid out.” Since the tube cor- 
rosion has been stopped, hiding out has ceased. 

Experience with the Logan boiler as well as others can lead to 
no other conclusion than that hiding out is an unfavorable sign, 
indicating tube starvation or steam blanketing which may be a 
forerunner of tube corrosion resulting from the reaction be- 
tween steam or water and the hot metal. 

Uncompleted experiments with a 250-lb gage controlled-cir- 
culation test boiler, having a single horizontal tube in a gas-fired 
furnace, indicate that, with heat-absorption rates up to 125,000 
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Btu per sq ft of circumferential tube area, and with boiler-water 
pH values of 9.6 to 12, the hydrogen evolution and top-tube 
temperatures remain normal as long as the steam-water velocity 
exceeds a critical value. However, as the velocity is decreased 
below this critical value, the tube-wall temperature rises rapidly, 
With increasing tube-wall temperatures, hydrogen evolution 
increases, a higher hydrogen evolution occurring at a boiler 
water pH of 11 than at a pH of 9.6. 

The writer wishes to commend the authors for presenting the 
case histories and particularly for the accuracy and complete. 
ness of the Logan experience. It is evident that too few 1300-lb 
boilers have escaped the type of tube corrosion which is known 
not to have been caused by dissolved oxygen in the feedwater and 
which is apparently beyond correction by chemical control of 
boiler water. A better understanding of this type of corrosion, 
both by the boiler manufacturer and the purchaser, should lead to 
a definite solution of this problem. 


L. E. Hanxison.* The discussion of any paper presented over 
a year ago should offer a very excellent opportunity to substanti- 
ate or disprove the various observations, theories, and con- 
clusions presented in the paper; and in so far as our experience 
goes, the findings and theories advanced by the authors have 
been borne out to an extraordinary degree. Therefore, the 
writer believes the paper under discussion should be considered 
as authoritative on the various ideas brought forth. 

With regard to the case history reported for Springdale, the ob- 
servations and causes of the troubles outlined in the paper have 
been confirmed, and the loss of steam-generating tubes stopped, 
we believe, by the removal of the cores that were placed in 
the tubes to promote circulation, and the installation of dis 
tributing apparatus in the headers to prevent steam binding. 
The manufacturer of the steam-generating equipment furnished 
to Springdale is to be highly commended on the handling of the 
various problems, the analysis of troubles as they developed, 
and the application of the proper corrective measures for produc- 
ing the desired results. As the coal conditions and boiler-water 
concentrations with which we are now operating are considered 
much more severe than existed at the time of our troubles, we 
feel justified in the belief that our present satisfactory conditions 
will continue. 

We have always held to the theory that the steam generator 
should be so designed as to allow the use of properly treated feed- 
water, and that undertreating of feedwater in an effort to remedy 
the shortcomings of boiler design should not be tolerated. The 
paper suggests that, by the use of inadequate treatment of the 
boiler water, the detrimental effects of steam binding and the 
wasting away of boiler metal may be retarded in the dry areas, 
but that lower alkalinity may possibly cause deterioration 
throughout the boiler: It seems that metal cracking is likely 
take place under these conditions, and that, instead of correct 
ing the trouble, the time is only prolonged until general deterior® 
tion takes place. On the theory that proper boiler-water cond 
tions should be maintained, we carried sufficient alkalinity and 
conditioning chemicals properly to treat the high-pressure boiler 
at Springdale, even while undergoing tube troubles. Our e 
perience shows that correction of the circulation and steam-biné 
ing conditions is all that is required to permit satisfactory oper 
tion with properly treated boiler water. 


We have had further opportunity at Springdale to confirm tlt 
conclusions outlined in the authors’ paper. 


Because of | 


pected characteristics of the coal, it was considered advisable | _ 
make the walls of the secondary furnace entirely water-cooled by | ~ 


adding extra tubes to the back and side walls. It was thoughts | 
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the time that the water-supply and steam-relieving conductors 
already installed were adequate to take care of this extra water- 
wall surface. After 17 days of operation of the full waterwalls, 
tube failures were experienced at each end of the back wall, the 
tubes being the fourth from their respective ends. The rup- 
tured sections were replaced and, after 18 days, one of the re- 
placed tubes failed. Also, one of the side-wail tubes failed at 
the same time, this tube also being the fourth tube from the 
cooler end of its header. At a later period, the same tube in the 
opposite side wall failed, all of which seems to bear out the hy- 
pothesis that these failures were caused either by inadequate 
water supply to the waterwalls or by insufficient steam-relieving 
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tubes from their upper headers. 
‘ 

SECONDARY FURNACE . In an effort to overcome these troubles, the water-supply and 
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steam-relieving tubes of the headers were increased by approxi- 
mately 100 per cent. Since these additions, there has been but 
one failure and this was attributed to oxidation that occurred be- 
fore the extra water-supply and steam-relieving tubes were in- 
stalled. These failures were in the nature of metal cracking as 
described in the authors’ paper. As all the tubes were in a verti- 
cal position, the conclusion is reached that vertical waterwalls, 
having inadequate supply and delivery connections, can have 
certain tubes, presumably the ones in the hottest zone, delivering 
an upward circulation; others, in the cooler portions of the wall, 
a downward circulation; while some tubes probably have little or 
no circulation. 

At the time of these failures we were carrying concentrations 
in the boiler water of 1000 ppm total solids. The standard is 
now set at 2000 ppm and it is anticipated that this limit will be 
increased in the near future. The boiler water carries excess 
phosphate and hydroxide, and from 3 to 10 parts of sodium sul- 
phite. Some of this highly concentrated boiler water is recircu- 
lated to the economizer inlet so that the economizer or first 
heat-absorbing surface of the unit is at all times protected against 
oxygen corrosion by the alkalinity and sulphite. Boiler feed- 
water having a pH of about 8 is raised to a pH of 9.5 or 10 by this 
recirculation. As a constant quantity of boiler water is recircu- 
lated, the pH of the water through the economizer naturally 
varies with the rating on the boiler and the concentration of the 
boiler water. 

Regarding the decomposition of sodium sulphite, we have 
definite proof of its stability under normal 1300-lb service. 
During the time when steam binding was taking place, we were 
able to predict the failure of boiler tubes by the disappearance of 
sodium sulphite in the boiler under question. While the sul- 
phite content of the other boilers in the plant would remain prac- 
tically constant, the one suffering deterioration would change 
the sulphite to sulphate, and the chemical balance of the boiler- 
water constituents fully accounted for all the sulphite which had 
formerly been present. 

It has been found at Springdale that, by maintaining an excess 
of sulphite, we are amply protected against the admission of 
oxygen which seems to appear when adding to or taking off 
equipment. Even though the Winkler test usually shows zero 
oxygen, there is a constant slow disappearance of the sulphite 
and this is particularly noticeable over the week end when severe 
load changes are experienced. 

Further confirming the observations made by the authors in 
their paper, sections of the vertical waterwall tubes that failed 
show metal cracking, and micrographs of specimens from the 
overheated surface emphasize a definite zone where overheating 
caused the metal structure to change. These pictures are very 
interesting in showing that the metal structure undergoes a 
drastic change at the line where thinning by oxidation begins. 

Fig. 4 shows the ruptured part of a waterwall tube after 17 
days of service. In Fig. 5, the cross section of this tube at the 
rupture is marked to show the location of the micrographs in Figs. 
6,7,and 8. The micrograph in Fig. 6 exhibits the pearlitic struc- 
ture of the original tube metal at point 3. At point 4, where 
‘oxidation and thinning begin to show on the inside of the tube, 
the structure shows a change, as indicated in Fig. 7. Fig. 8 
illustrates the changed metal structure which is typical of the 
metal from point 5 to the rupture. 

The authors refer to the “hiding out” of boiler-water chemicals 
and show graphical records of this more or less detrimental factor 
to boiler-water conditioning. While Springdale has not experi- 
enced this “‘hide-out”’ in so far as we are aware, we are experiencing 
it in other plants on the system. A search in one of our high-pres- 
sure boilers for this hide-out disclosed a residue of boiler-water 
solids in the intermediate uptake waterwall header 30 ft below the 


TRANSACTIONS OF THE A.S.M.E. 


Fie. 9 CHemIcAL Deposits IN INTERMEDIATE UpTAKE WATERWALL 
Heaper, Wuicu Is Locatep 30 Ft BeELow CENTER LINE oF BoILer 
Drum 


normal water level of the boiler. This deposit was found ad- 
hering to the surfaces of the header and tubes when the boiler 
was drained, more than 22 hr after it had stopped steaming. 
The beautiful frost-like patterns of chemical deposit are shown in 
Fig. 9. 

A very important factor in the satisfactory operation of the 
Springdale high-pressure boilers is the steam-purifying equip- 
ment which was described in a paper by M. D. Baker at the 
same meeting at which the authors’ paper was presented. This 
equipment is continuing to give first-class performance and 
shows no deterioration. The clean steam we are able to obtain 
with high boiler-water concentrations is, in the greatest measure, 
attributable to this purifying apparatus. 

The highly concentrated boiler water, carrying its propor- 
tional amount of sulphite, phosphate, and alkalinity that is 
standard for Springdale, has produced the following beneficial 
results: 


1 Complete economizer protection, as provided by recircu- 
lating boiler water through the economizer. 

2 Clean metal surfaces as regards scale deposition and corro- 
sion, and reduction of the amount of deposit to a point where this 
trouble is negligible. 

3 Aclean, crystalline type of sludge deposit. 

4 Reduced blowdown, relieving the load on the evaporated 
make-up and heat-exchanging equipment. 


These desirable conditions are all obtained at a decrease in 
cost of operation and maintenance, and a paper is being pre- 
pared for presentation in the near future in which will be given 
more detailed information on steam quality, economies gained 
by higher boiler-water cencentration, proof of stability of sodium 
sulphite, and the benefits derived by recirculation of boiler-drum 
water through the economizer. 


AvuTHOoRs’ CLOSURE 


The discussion certainly continues the spirit in which the 
paper was written—that of a cooperative venture in which evi- 
dence from many sources was fitted together to produce as r- 
tional and consistent a picture as possible. In this same spirit, 
the authors venture a brief correlation of the preceding com- 
ments. 

Fundamentally, what has been under discussion is the reaction 
between iron and water and the effect upon this reaction of dis 
solved substances and of temperature. As Mr. Place has pointed 
out, iron is a strong reducing agent. The chemical driving force 
for iron to take oxygen from water and liberate hydrogen is very 
great, even at room temperature, but the iron oxide, which is 
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one product of the reaction, quite literally gets in the way and 
slows down the reaction to such an extent that it is scarcely notice- 
able. Anyone can observe the progress of this reaction, however, 
by allowing a quantity of very finely divided metallic iron to 
stand in distilled water in a small bottle on his desk. On shaking 
this bottle once a day, small bubbles of gas will be observed to 
rise from the powder. This will continue day after day; a test 
after a sufficiently long time will demonstrate that the gas is 
hydrogen. 

This same oxidation of steel by water, or reduction of water by 
steel, goes on continuously in every boiler, but it is only when the 
oxide resulting from it fails to retard the reaction that the boiler 
operator has a problem on his hands. 

The protective oxide film can be at least partially destroyed or 
rendered more permeable by very high concentrations of sodium 
hydroxide. Because it is brittle and differs in thermal expan- 
sion from steel, it may also be cracked by repeated temperature 
changes. Anything which causes excessive local concentration 
of a boiler water containing some caustic soda or repeated over- 
heating and quenching of a tube surface is thus potentially 
dangerous. To the authors, steam blanketing seems inevitably 
to tend to produce one or the other or both of these effects. 

The factor of caustic attack has not been questioned in the 
discussion, but Mr. Place has gently indicated his disbelief in the 
validity of thermocouple measurements or of changes in the 
microstructure of steel as indications of excessive temperature 
in the top of a steam-blanketed tube. Base-metal thermocouples 
admittedly do fail all too rapidly when exposed to the condi- 
tions in a boiler furnace, yet recent studies at the Bureau of Stand- 
ards show a maximum error of only 21 F, and this low rather 
than high, when chromel-alumel couples were heated for long 
periods of time in air. This maximum error was found after a 
couple had been exposed for 200 hr at 2200 F.7 Failure occurred 
before 300 hr. 

While the authors attach more significance than does Mr. 
Place to the temperature measurements mentioned in the paper, 
they feel that the microstructure of the steel is a still more cer- 
tain criterion of overheating. This is demonstrated particularly 
well by the photomicrographs presented by Mr. Hankison cor- 
relating the change in structure in the tube wall with the zone of 
damage along the internal surface. Perhaps the sample which 
inspired Mr. Place’s lack of faith in metallographic evidence actu- 
ally had been overheated at some time in some unrecorded 
manner. 

Mr. Place has argued that, if a tube were seriously overheated, 
it would deform to a greater extent than has been observed in 
many cases where grooving along the ceiling produced failure. 
In a tube of 3.5 in. outside diam with a wall thickness of 0.5 in. 
subjected to an internal pressure of 1400 psi, the nominal stress 
tending to rupture the tube is, however, only 3500 psi for metal 
in the longitudinal section of the wall. That creep of a low- 
carbon steel subjected to this stress at a temperature of 1000 F 
is slight has been shown by White, Clark, and Wilson.* They 
observed that SAE 1015 steel held at 1000 F for 16,000 hr under a 
load of 4000 psi showed an average rate of creep of only 0.043 
per cent per 1000 hr. 

It must be remembered also that a narrow band of steam 
along the ceiling of a tube would produce only a narrow band of 
overheated metal and a narrow groove, as in Fig. 15 of the paper. 


"Stability of Base-Metal Thermocouples in Air From 800 De- 
grees to 2200 Degrees Fahrenheit,’’ by A. I. Dahl, Research Paper 
RP 1278, National Bureau of Standards, Journal of Research, vol. 24, 
1940, pp. 205-224, 

‘Influence of Time at 1000 F on the Characteristics of Carbon 
Steel, by A. E. White, C. L. Clark, and R. L. Wilson, Proceedings of 
the American Society for Testing Materials, vol. 36, 1936, part 2, pp. 
139-156, see Fig. 1, p. 141. 
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Deformation in such a case might be limited to a strip not more 
than 1 in. wide. Where the steam blankets more of the tube 
ceiling, as in the cross section shown by Mr. Hankison, there, 
usually is definite stretching of the tube wall prior to failure 
resulting in longitudinal cracks in the internal and external layers 
of oxide. 

Overheating of a tube is, of course, not a new or unique occur- 
rence. While we have thought for years in terms of the over- 
heating due to deposits of solid on a heat-transfer surface, much 
less consideration has been given to the insulating effect of 
a blanket of steam, which was the starting point of the paper. 

The experiences at Springdale and at Waterside described 
in the paper and the discussion by Mr. Hanlon bring us back to 
the fact that sludge settling out on the bottom of a tube can inter- 
fere with the transfer of heat from metal to water just as seri- 
ously as steam along its ceiling. The sludge which caused the 
failures at Waterside, reported by Mr. Hanlon, like that which 
led to the failures along the bottom of the cored tubes at Spring- 
dale was not, however, the relatively light calcium phosphate 
sludge which results from phosphate conditioning but, instead, a 
heavy sludge of magnetic iron oxide and metallic copper. Unless 
powdered metallic iron or ferrous hydroxide is being introduced 
intentionally into the boiler feed, such a sludge can result only 
from undesirable attack of water on steel in some region within 
the boiler, not necessarily the region where the sludge is found. 

The initial settling out of the sludge on the bottom of the tubes 
described by Mr. Hanlon may have been favored by the presence 
of restrictors at the inlet ends of the lower tubes, as it was appar- 
ently by the cores in the tubes at Springdale. Overheating of 
the portion of the tube covered by the sludge could then have 
led to progressive oxidation of the tube wall. 

Attempts to increase flow in one particular region of a boiler 
by specifically retarding it in another region seem, in a number 
of cases, to have transferred trouble rather than to have pre- 
vented it. Of the various expedients which have been tried to 
minimize steam blanketing in tubes through which there was 
positive circulation, the spirals introduced into the screen tubes at 
Logan, described by Mr. Webb, seem the most promising. 

The suggestion of Mr. Kreisinger that tubes in high-pressure 
boilers are too thick-walled for their own good merits further 
study. Reduction in wall thickness will not, however, change 
the heat input to a tube or minimize the formation of a steam 
blanket within it. While cracking of tubes subjected to re- 
peated overheating and quenching may be slower with thin than 
with thick walls, as suggested by Mr. Kreisinger, the paper re- 
cords extensive damage to the thin-walled tubes of the low-pres- 
sure boilers in the Beacon Street Heating Plant in 8 years. The 
authors believe that grooving along the top of a tube might occur 
as rapidly in a thin-walled as in a thick-walled tube. 

It was first demonstrated at Port Washington that grooving 
of the ceilings of inclined tubes could be minimized without 
mechanical changes by eliminating caustic alkalinity from the 
boiler water. This expedient was adopted at Logan, but the 
slope of the screen tubes affected was also increased, the spirals 
were inserted to throw water against the tops of the tubes, and 
the burners were tilted upward to reduce flame impingement. 
At Springdale, no change was made in water conditioning, but 
the difficulties first encountered were eliminated solely by me- 
chanical changes. An appropriate conclusion to the question of 
the relative importance of the chemical and the mechanical fac- 
tors has been written into the record by the announcement that, 
after operation for 2'/: years with no caustic alkalinity in the 
boiler water, extensive damage of the original type was recently 
discovered in the screen tubes at Port Washington.?® 


*° “Port Washington Sustains Its Economy,” Combustion, vol. 11, 
no. 7, 1940, pp. 33-34. 
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Determination of the Purity of Steam by 


Gravimetric and Spectrographic Methods 


By M. C. SCHWARTZ,' W. B. GURNEY,’ ano T. E. CROSSAN# 


This is the first paper in a series of three covering in- 
vestigations on the determination of purity of steam. In 
it the authors discuss the mechanism of steam contamina- 
tion and methods of measuring steam purity classified 
according to impurities present. Principally, however, 
the subject matter is devoted to the apparatus and pro- 
cedure followed in making gravimetric determinations of 
the residue from evaporated samples of condensed steam 
with the results obtained. As a check on these analyses, 
estimates are made for solids in steam from turbine-blade 
deposits. The results of spectrographic analyses are also 
given. 


HE purity of steam produced from a boiler is a function 
Ts the composition of the boiler water and the boiler feed- 

water, as well as the mechanical design of the boiler in 
which it is produced. The production and consumption of huge 
amounts of steam at high pressures and temperatures have de- 
manded the utmost in purity of the steam leaving the boiler, be- 
cause of the economic importance of maintaining clean super- 
heaters, turbines, and process equipment. Any changes made to 
increase the purity of steam are thus quite important and, par- 
ticularly, since they may involve considerable expense, should be 
undertaken with due consideration of the methods used to de- 
termine the purity of the steam. Investigation of the methods 
of determining steam purity has been made at the Louisiana 
Station and has been applied in the control of steam production 
at this station. 


MEcHANISM OF STEAM CONTAMINATION 


Steam becomes contaminated with gases or moisture contain- 
ing dissolved or suspended solids present in the boiler water or in 
the feedwater which may be used as a scrubbing medium for the 
steam. The contamination of steam results from the continu- 


_ ously occurring phenomenon of foaming or from the intermittent 


and irregular phenomenon of priming. An excellent summary 
of the factors contributing to foaming and priming has been pre- 
sented by Powell (1).4 Under boiler design this author covers such 


_ Considerations as steam disengaging space, steam storage space, 


maximum water space, size of steam header, velocity of steam, 
various obstructions in the steam drum, and boiler pressure. 


* Research Chemist, Gulf States Utilities Company, and Research 
Associate in Water Technology, Department of Chemical Engineer- 


; ing, Louisiana State University. 


? Efficiency Engineer, Gulf States Utilities Company, Baton Rouge, 
La. Mem. A.S.M E. 


* Superintendent, Gulf States Utilities Company, Baton Rouge, 
La. Mem. A.S.M.E. 


me Numbers in parentheses refer to the Bibliography at the end of the 
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Boiler operation covers such matters as rate of evaporation, load 
swings, and water level. Water treatment covers such items as 
composition and concentration of dissolved and suspended solids 
in the boiler water and in the feedwater, as well as the chemical 
condition at the metal surfaces exposed to the water. 


Mertuops oF MEASURING STEAM PURITY 


Methods of measuring steam purity may be classified accord- 
ing to the impurities present. For example, if an appreciable 
amount of moisture is being determined, the steam calorimeter 
can be used. If all the soluble electrolytes, arising from the 
solids or gases in the steam, are being determined in the conden- 
sate, then the electrolytic-conductivity method can be used. If 
specific chemical substances, such as ammonia, carbon dioxide, 
sodium chloride, and the like, are being determined, then spe- 
cific chemical methods for these substances can be used. If the 
total solids present in the steam is being determined, then the 
residue after evaporation of the condensate can be weighed or, 
alternatively, it is apparently possible to deposit the solids on a 
surface and determine them in this manner. It is useful to con- 
sider the subject from the viewpoint of the impurity, because it is 
quite possible that some method, perhaps satisfactory in its own 
way, serves no really useful purpose in determining why the de- 
posits in the equipment are forming and in what way they may be 
avoided. 


GRAVIMETRIC DETERMINATION OF THE RESIDUE From Evapo- 
RATED SAMPLES OF CONDENSED STEAM 


The gravimetric determination of the total solids, including 
thus soluble and insoluble substances, in the steam by weighing 
the residue after evaporation of a sample of steam condensate 
can probably be considered the standard procedure. The 
minute weight of the residue offers no serious drawback since it 
may be determined readily with a sensitive balance. The prob- 
lem of evaporating the sample of condensate free from subsequent 
contamination offers more difficulty. Sufficiently slow evapora- 
tion of the sample to avoid loss by spattering results in a serious 
loss of time and it is this factor which so far has prevented this 
method from becoming adaptable to routine use. 

Although the preparation of pure water has been the subject of 
numerous researches in the laboratory, the investigators very sel- 
dom have determined the residue on evaporation. However, 
Acree and Fawcett (2) evaporated 30 1 of pure water, contained in 
a quartz flask, in a platinum dish. The maximum residue was 
never more than 0.15 ppm and was as low as 0.03 to 0.06 ppm. 
Ulmer (3), using condensed-steam samples from a commercial 
boiler, determined the residue on evaporation to be 0.19 to 1.01 
ppm, depending upon the boiler-water concentration. 

A semimicro apparatus has been developed for evaporating 2-1 
samples of condensed steam. Ulmer (3), Powell (4), and Seyb (5) 
have considered the problem of evaporating condensed-steam 
samples. Fig. 1 shows the manner in which the evaporator works. 
The apparatus was built upon a triple-beam balance, of which 
Sargent No. 3455isanexample. The knife-edge mechanism, brass 
lever arm, and transite holder for the Pyrex micro bell jar were 
built in the University shops. The Pyrex jar is Corning No. 6880. 
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The rubber tubing is pure gum. A 2-l Pyrex Erlenmeyer flask, 
protected from carbon dioxide with a soda-lime-sodium-hydroxide 
guard tube, contained the sample of condensate. Pyrex tubing 
was used to convey the water under constant head from the flask 
to the platinum dish beneath the bell jar. Block-tin tubing was 
available for use in place of Pyrex tubing if it seemed necessary, 
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Fig. 1 Mops or OPERATION OF SEMIMICRO APPARATUS FOR 
EVAPORATING CONDENSED-STEAM SAMPLES 


but the results did not seem to warrant any change. A piece of 
platinum wire was sealed to the Pyrex tubing so that hot water 
would not come into contact with the Pyrex-glass tubing. A 
200-w 2!/:-in. Chromalox heating unit was used and the heat in- 
put was controlled by a rheostat. The platinum dish used, 
weighing 10 g, was the lightest obtainable commercially for its 
size. Itwas2in.indiamand1lin.deep. This dish was supported 
upon a porcelain ring. The side arm of the Pyrex bell jar was 
connected to a Fisher air ejector. The trap in this line prevented 
the possibility of any water being sucked back. 

In operation, the lead weight on the balance beam is initially 
adjusted to balance the weight of the platinum dish and water as 
well as the Pyrex jar and other accessories. For an actual run, 
control is made by using small weights on the brass lever arm. 
A change of about 10 g starts or stops the flow of water. After 
an initial adjustment of the rate of flow, the evaporation always 
continues with practically no attention for the time neces- 
sary, which is about 48 hr. 

The total solids have been determined on condensed-steam 
samples from the station boilers. Test data are presented in 
Tables 1 to 3. 
|. From the results of Tables 1, 2, and 3, it will be seen that for 
this station the totals of solids in the condensate from saturated- 


TABLE 1 GRAVIMETRIC DETERMINATION OF TOTAL SOLIDS 
Superheated-steam samples 


Identification Total solids, Sample collected, 

No. Boiler of condensate* ppm date 

1 5 D copper 0.30 12/27/38 
2 6 8.8. 0.35 1/13/39 
3 6 S.S 0.40 1/17/39 
4(a)b 5 D copper 0.35 1/25/39 
4(b)> 5 8.8. 0.45 1/25/39 
5(a)b 5 8.8. 0.30 1/31/39 
5(b)6 5 D copper 0.25 1/31/39 


@ Condensed steam from a copper degasifier, with copper tubing to the 


d ifier—D copper. 
ondensed steam from stainless-steel cooling coil (no S. 
b 4(a) and (b) were collected at the same time and similarly 5(a) and (b) 
were collected together. They were evaporated in the order listed; 2- 


samples being evaporated. 


TABLE 2 GRAVIMETRIC DETERMINATION OF TOTAL SOLIDS 


Superheated-steam samples 


Identification Total solids, col- 


No. Boiler of condensate® ppm ed, date 
His 5 D stainless steel 0.25 6/39 
6(b) 5 8.8. 0.40 2/6/39 
Saturated-steam samples 

7 5 8.8. 0.35 
8 5 8.8. 0.30 3/5, 4-4 
9 4 8.8. 0.30 9/6/ 

10 1 8.8. 0.30 9/1 739 


@ Condensed steam from a —~ oad degasifier, with stainless-steel tubing to 


the degasifier—D stainless stee 
Condensed steam from stainless-steel cooling coil (no degasification)—S.S. 
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TABLE 3 SUMMARY OF GRAVIMETRIC DETERMINATIONS OF 
TOTAL SOLIDS 


Superheated-steam samples——————. Saturated-steam 
D stainless samples 
D copper steel 8.8. 
0.30 0.25 0.35 0.35 { 
0.35 0.40 0.30 
0.25 0.45 0.30 
; t 
0.3 avg 0.38 avg 0.31 avg ; 
and superheated-steam samples are practically identical. The 
copper degasifier, which will be described later and which removes . 
carbon dioxide from the samples, gives results approximating T 
those obtained on samples subjected to no treatment for degasifica- ri 
tion. In all cases, the samples were collected within several feet 
of the sampling points. t 
From previous experience with deposits forming on glass con- 
ductivity cells, as well as by the deposits formed in the platinum 
dish, it was obvious that either copper or iron or both were pres- 
ent in the condensed steam. Tests for copper with dipheny]- 
thiocarbazone or dithizone on the condensed steam, and on 
samples concentrated by evaporation, gave negative tests. 
However there seems to be no doubt that high steam velocities 
will cause erosion of copper tubing. Whether or not these minute th 
particles of copper will dissolve seems to depend upon a number Te 
of factors, one of the most important of which is the rate of flow on 
of condensed steam through the sampling system. Interesting me 
but old data on the solubility of copper in distillled water are eos 
given by Carnelley (6). wit 
Semimicro determination of the iron in the residues from the 
samples Nos. 9 and 10, Table 2, showed 0.23 and 0.25 ppm sily 
Fe,0s, respectively, out of a total of 0.3 ppm solids. Since these F tio, 
samples were collected in a most satisfactory manner, as far as Phe 
avoiding possible contamination of iron from the sampling line is the 
concerned, the conclusion seems logical that minute particles of gra 
iron are in suspension in the steam and are so finely divided that F the 
they show no tendency to settle out in the condensed steam. 
These iron particles are not visible in the solution but are re F TA 
moved by ultrafiltration. There is no reason to assume that f- 
these iron particles will affect the electrolytic conductivity of 
the solution of condensed steam. Upon the basis of these results 
of gravimetric determination of the residue from evaporating F 
condensed-steam samples, coupled with determination of iron f 
and of copper in these residues, there is apparently no more 
than about 0.1 ppm soluble solids in the steam at the Louisians ; Pe 


Station. 


Estmmation oF Soxips SteaM TuRBINE-BLADE 
Deposits 


The values obtained for the purity of steam by any give 
method should correspond to the actual practical data observed 
in the plant. For example, the amount and kind of deposits ob 
served on the turbine blades should be in proportion to the ind: 


TABLE 4 


Total wash water leaving turbine, Ib..............00e0eeeees 
determined total solids in 


Total steam passed through turbine, lb........... 34034000) Th 
Solids on turbine blades washed off, ppm. 0.005 F 
the ch 
TABLE 5 flask, 
Total wash water leaving turbine, spond: 
Gravimetrically determined total solids in wash water, lb...... 80 0.1 
Total steam passed through turbine, 7754 pp 
Solids on carbine blades washed off, By 
able 
TABLE 6 i shown 
Total wash water leaving turbine, lb...............0eeeeee i Ont 
Gravimetrically determined total ‘solids in water, Ib. 
Total steam passed through turbine, 3887) 
Solids on blades washed off, 
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cations obtained by any one of the usual methods of determining 
steam purity. Data of this kind, as useful as they are, do not 
furnish a continuously available record of steam purity as a guide 
to efficient operation. 

The authors have attempted to determine the solids present in 
the superheated steam by washing a turbine with condensate, 
while the machine was rotating at slow speed under no load. 
Data are presented in Tables 4, 5, and 6 for three different tur- 
bines. 

Although the solids were removed from the turbine by washing 
with condensate, all of the deposit so obtained was not soluble. 
Table 7 shows the relative amounts of insoluble and soluble mate- 
rial. 


TABLE 7 RELATIVE AMOUNTS OF INSOLUBLE AND SOLUBLE 
MATERIAL 
Solids, water Solids, water in- Total solids, 
Data of soluble, Ib soluble, Ib Ib 
Table 4 1.5462 0.0324 1.5786 
Table 5 7.3534 0.9942 8.3476 
Table 6 1.2081 0.2801 1.4882 


SPECTROGRAPHIC ANALYSIS OF CONDENSED STEAM 


The spectrographic analysis of condensed steam was made at 
the spectrographic laboratory of the Massachusetts Institute of 
Technology. The authors in order to avoid contamination of the 
sample by the container, selected what was believed to be the 
most inert substance besides platinum, which was prohibitive in 
cost. The sample was collected in a 500-ml silver Erlenmeyer flask 
with asilver stopper. A qualitative analysis of the sampie showed 
the presence of the following elements in diminishing amounts: 
silver, copper, iron, magnesium, sodium, and silicon. In addi- 
tion, minute traces of boron, lead, and calcium were found. 
Phosphorus was not detected even with extreme concentration of 
the sample; however, this element is one to which the spectro- 
graphic method is less sensitive. A quantitative analysis gave 
the results shown in Table 8. 


TABLE 8 QUANTITATIVE Analy OF CONDENSED-STEAM 


4 


Substance Ppm 


The presence of such large amounts of silver and copper was 
entirely inconsistent with the gravimetric results, as well as with 
the known electrolytic conductivity of this sample. Apparently 
the silver flask was the source of this unusual contamination. 
Accordingly another sample was collected for spectrographic 
analysis, this time in a Pyrex glass-stoppered bottle. Table 9 
shows the results obtained. 


TABLE 9 QUANTITATIVE ANALYSIS OF ADDITIONAL CON- 
DENSED-STEAM SAMPLE 


Substance Ppm 


The drop in copper concentration from 2.4 to 0.05 ppm with 
the change in the container shows contamination from the silver 
flask, evidently from the silver solder used in fabrication. Corre- 
spondingly, the silicon concentration changed from 0.015 to 
0.1 ppm, evidently due to the effect of the glass container. 

By combining the results of both analyses, we derive the prob- 
able composition of the solids present in condensed steam, as 
shown in Table 10, 


On the basis of the results shown in Table 10, one would expect 
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a value for the total solids of condensed steam to be higher than 
0.33 ppm, the exact value depending upon the actual negative 
ions associated with the positive ions shown in the table. It 
seems somewhat surprising that the results shown by spectro- 


TABLE 10 RESULTS OF COMBINING ANALYSES OF TABLES 
8 AND 9 
Substance Ppm 
0.060 


graphic analysis should be greater than those obtained by evapo- 
ration and subsequent weighing, particularly since it has been 
assumed that the evaporation might probably be affected by 
contamination during the long period required. For further in- 
vestigation using the spectrographic method, it will be desirable 
to establish the kind and amounts of impurities which may be 
present in the electrodes which are used in the analysis. That 
this type of error may exist is quite probable because of the fact 
that both calcium and magnesium are absent from turbine-blade 
deposits. In addition, it is well known that the electrodes used 
in spectrographic analysis are freed from traces of impurities only 
with difficulty. Traces of boron, silicon, copper, calcium, mag- 
nesium, and sodium usually exist even in treated electrodes (7, 8). 
Hilger H.S. carbon rods of very high purity contain traces of 
boron, calcium, copper, magnesium, and iron (9). 

The sensitivity of the spectrographic method, as is evident 
from the foregoing analyses, makes it an extremely valuable 
tool with which to attack the problem of steam purity. From 
data presented by Owens (10) the authors have calculated the 
sensitivity of the spectrographic method to be as shown" in 
Table 11. 


TABLE 11 SENSITIVITY OF SPECTROGRAPHIC METHOD 
Sensitivity Minimum concentration 
(inorganic liquid) (using 0.1 ml), ppm 
0.15 
2.50 
0.10 
aa ace 0.05 
0.01 
0.10 


Even with the sensitivity shown in Table 11, some concentra- 
tion of the condensed-steam samples is required in order to ob- 
tain indication of some of the substances present in the sample. 
In conclusion it should be remembered that spectrographic 
analysis will give the sum of the soluble as well as insoluble solids 
present in the condensed steam. 
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Determination of Ammonia in 


Condensed Steam 


By M. C. SCHWARTZ,'! W. B. GURNEY,? ano T. E. CROSSAN?® 


Of the impurities which may affect the electrolytic 
conductivity and pH of water, the gases carbon dioxide and 
ammonia are most resistant to removal. Carbon dioxide 
has previously been given consideration almost to the ex- 
clusion of the ammonia-removal problem. This second 
paper in a series of three on the subject of purity of steam 
by the authors deals with the preparation of ammonia- 
free water by various methods, of which phosphorus- 
pentoxide batch distillation apparently gives the most 
satisfactory results. The Nessler method of ammonia 
determination is also thoroughly discussed, as well as the 
volumetric determination of ammonia with sodium hypo- 
bromite and naphthyl! red. The authors have used such 
determinations of ammonia in condensed steam to assist 
in evaluating a suitable correction factor to compensate 
for its presence. 


HE electrolytic-conductivity method of determining steam 
‘Ls is the one most frequently used in practice. Fitze 

(1),4 Hecht and McKinney (2), Rummel (3), Powell (4, 5), 
Place (6) have investigated this method. It has the advantages 
of extreme sensitivity and is susceptible to being made con- 
tinuously recording. It has the disadvantages of a need for a 
correlating factor between electrolytic conductivity and soluble 
solids, as well as correction factors for gases such as ammonia and 
carbon dioxide which dissolve in the condensed steam to form 
electrolytes. Rummel (7), Gurney (8), Powell and McChesney 
(9) have developed apparatus designed to remove carbon dioxide 
and ammonia from the sample without affecting the solids pres- 
ent but, thus far, ammonia has resisted attempts at complete 
removal, hence, a correction must be made for its presence. The 
authors have investigated the determination of ammonia in 
condensed steam to assist in evaluating the correction to be ap- 
plied for its presence. 


PREPARATION OF AMMONIA-FREE WATER 


The preparation of pure water has been investigated frequently 
in the intervening years since 1894 when Kohlrausch and Heyd- 
weiller (10) purified water to the extent that its electrolytic con- 
ductivity was 0.04 micromho at 18 C and 0.054 micromho at 25 C. 
The methods for the purification of water may be classified as 
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physical and chemical or a combination of both. Hibben (11) 
classifies the physical methods of purification as falling into four 
categories, namely, those employing vacuum, those employing 
heat, those employing both vacuum and heat, and those em- 
ploying freezing. In his own experimental work (11), Hibben 
uses the vacuum-sublimation process which includes all the proc- 
esses mentioned, since it employs heat, vacuum, and freezing. 
The liquids to be freed from gas are vaporized and frozen in 
vacuo. By chemical methods we refer to those cases in which 
chemical substances, such as alkaline permanganate, bromine, 
phosphoric acid, and similar reagents, are added to cause certain 
impurities existing in the liquid to be retained in solution or to be 
made volatile on the application of heat. 

The most convenient methods for determining the purity of 
water are the determination of the electrolytic conductivity and 
that of the pH. The most resistant impurities to be removed from 
water, which may affect the electrolytic conductivity and pH of 
the water, are the gases, carbon dioxide, and ammonia, which, in 
addition to physical solution in water, undergo chemical reaction 
to form electrolytes as the bicarbonate and carbonate and am- 
monium ion. Other gaseous impurities which may undergo simi- 
lar reaction, as sulphur dioxide, have not been considered in 
reported work. 

For some time carbon dioxide has been given consideration, to 
the general exclusion of ammonia, as the gaseous impurity in 
water to be removed. The probable reason for this has been due 
to the indefiniteness of the electrolytic-conductivity method as 
an indicator of purity, and to the lack of methods of determining 
pH without adding electrolytes, which change the pH themselves, 
as in colorimetric methods. The presence of carbon dioxide 
in solution tends to lower the pH of pure water. When the glass- 
electrode method for determining pH was applied to water con- 
sidered to be free from carbon dioxide, the pH was found to be 
7.9 to 8 (12). The increase in pH above that of 7, the value for 
pure water, was later ascribed to the presence of dissolved am- 
monia. When definite measures were taken to insure the ab- 
sence of this impurity, the pH fell to 7 (13, 14). 

Presumably the best procedure for preparing ammonia-free 
water is by distillation, adding acidic substances, as P.O, to re- 
tain ammonium compounds in solution, and passing purified air 
through the distillate (13, 14). 


PROCEDURE FOR PREPARING AMMONIA-FREE WATER—BaTCH 
DisTILLaTION WitH P.O; 


Phosphorus pentoxide was added to 1 | of laboratory-distilled 
water. The solution was distilled at a rate of about 8 ml per min 
in an all-Pyrex-glass still as shown in Fig. 1. The distillate was 
collected in the conductivity-cell holder A from which it could be 
collected for use or run to waste. Determinations of ammonia 
in the distillate, as well as electrolytic-conductivity measurements, 
indicated that about 200 ml of distillate should be discarded. 
From then on a receiver could be placed at point B and the next 
600 ml could be collected. Two such portions were collected and 
1 | of this water was then redistilled again, discarding the first 
200 ml, and collecting for ammonia-free water the next 600 ml 
of distillate. The flask from which the solutions were distilled 
was equipped with a side tube and ground stopper which allowed 
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Fig. 1 Distititing APPARATUS FOR PREPARATION OF PURE WATER 
the vessel to be filled and emptied without dismantling the ap- 
paratus. Passing purified air into the distillate was not done in 
this work. A Leeds and Northrup No. 4866 mho-ohm con- 
ductivity indicator with cell constant and temperature com- 
pensator was used. The electrodes were platinized platinum. 

Tables 1 to 8 and Fig. 2 indicate the comparative effectiveness 
of various methods of preparing ammonia-free water and seem to 
confirm the work of Ellis and Kiehl (13) and Cranston and Brown 
(14) in establishing a phosphoric-acid distillation as the most 
satisfactory method available. 

It is interesting to note, as indicated by the data in Tables 1 
to 8 and in other experiments where distillation has been carried 
practically to completion, that as the distillation proceeds the 
electrolytic conductivity decreases continuously. On the other 


TABLE 1 DISTILLED WATER REDISTILLED? 


Distillate Electrolytic conduc- Ammonia nitrogen 
collected, ml tivity, micromhos found, ppm 

0 1.45 greater than 0.20 
80 4.40 greater than 0.20 
80 2.60 greater than 0.20 
80 1.60 0.12 

80 1.30 a 
80 1.04 0.06 

80 0.83 
80 0.69 0.04 
80 0.56 0.04 


* One | distilled water redistilled; 2 ml Nessler reagent used; readings 


taken after 30 min. 


TABLE 2 REDISTILLED “CONDUCTIVITY WATER’? 


Distillate Electrolytic conduc- Ammonia nitrogen 
collected, ml tivity, micromhos found, ppm 

80 2.50 0.17 
80 1.40 0.12 
80 1.09 0.09 
80 1.00 0.07 
80 0.85 

80 0.74 0.05 
80 0.60 0.05 
80 0.515 0.04 
80 0 455 0.03 


® Collected 1 1 of water by redistillation of distilled water collecting only 
when a value of 1 micromho or better was obtained; 2 ml Nessler reagent 
used; readings taken after 30 min. 


TABLE 3 REDISTILLED GAS-FREE CONDENSATE? 
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TABLE4 REDISTILLED ALKALINE-PERMANGANATE-TREATED 
WATER? 


Distillate Electrolytic conduc- Ammonia nitrogen 
collected, ml tivity, micromhos found, ppm 
0 1.9 0.14 
80 8.0 greater than 0.20 
80 3.7 greater than z: 20 
80 0.09 
80 0.72 0.04 
80 0.52 
80 0.50 0.01 
80 0.45 0.02 
80 0.45 
80 0.42 
80 0.465 0.02 
80 5.5 


_? Redistilled 1 | of distilled water treated with alkaline KMnO«; 2 mi 
Nessler reagent used; readings taken after 30 min. 


TABLE 5 


Distillate 


REDISTILLED PHOSPHORUS-PEN 
DISTILLED WATER? 


Electrolytic conduc- 


TOXIDE-TREATED 


Ammonia nitrogen 


collected, ml tivity, micromhos found, ppm 
0 1.9 0.14 
80 4.6 0.10 
80 2.15 0.03 
80 0.01 
80 0.67 0.01 
80 0.48 
80 0.40 0.01 
80 0.36 0.01 
80 0.325 ‘a 
80 0.36 0.01 
80 0.585 0.01 


* Redistilled 1 | of distilled water treated with P2Os; 
readings taken after 30 min. 


used; 


2 ml Nessler reagent 


TABLE 6 REDISTILLED BROMINE-TREATED 
DISTILLED WATER? 


Distillate 


Electrolytic conduc- 


Ammonia nitrogen 


collected, ml tivity, micromhos found, ppm 

0 

80 

80 

80 27.0 

80 17.0 

80 4.4 0.01 

80 1.2 0.01 

80 0.67 
80 0.50 0.01 

80 0.55 0.01 

80 0.57 0.01 


@ Redistilled 1 1 of distilled water treated with bromine; 


reagent used; readings taken after 30 min. 


2 ml Nessler 


TABLE7 REDISTILLED WATER OF TABLE 5¢ 


Distillate Electrolytic conduc- Ammonia nitrogen 
collected, ml tivity, micromhos found, ppm 

0 

80 1.65 $c 

80 0.65 a 

80 0.46 0.00 

80 0.27 0.00 

80 0.25 0.00 

80 0.22 0.00 

80 0.20 0.00 

80 0.00 


* Redistilled 1 1 of water obtained by redistilling distilled water treated 
with P:0s; 2 ml Nessler reagent used; readings taken after 30 min. 


TABLE 8 AMMONIA | REMAINING IN SOLUTION AFTER 


DISTILLATION? 
Liquid Electrolytic Ammonia ni- 
remaining, conductivity, trogen found, 
ml micromhos ppm 1000 m! sample 
230 2.9 0.14 Distilled water 
230 3.05 0.20 Distilled water 
175 2.8 0.12 Redistilled distilled water 
210 2.85 0.04 CO:-free condensate 


® Two ml Nessler reagent used; readings taken after 30 min. 


hand, in cases where chemicals have been added, the electrolytic 
conductivity commences to increase when sufficient concentr& 


Distillate Electrolytic conduc- Ammonia nitrogen 
collected, ml tivity, micromhos found, ppm 
0 1.2 
80 3.5 greater than 0.20 
80 1.9 greater than 0.20 
80 1.5 0.17 
80 1.16 0.12 
80 0.88 
80 0.715 0.07 
80 0.59 
80 0.47 0.06 
80 0.37 0.03 
@ Redistilled 1 1 degasifier effluent (‘‘gas-free’”’ condensed steam); 2 ml 


Nessler reagent b> readings taken after 30 min. 


tion is reached to start carry-over. 


The data of Table 8 indicate that simple distillation will not 
drive off the ammonia completely, even when some 700 to 800 


ml of an original 1 | are distilled. 


Considering the simplicity of the still used for preparing &™ 
monia-free water, in comparison with some of those descr! 
in the literature, the electrolytic conductivity of the distillate 


ae 


nae 

cps 

i 

| 
| 

4 

£ 


nl 


ent 


sler 


ated 


water 


SCHWARTZ, GURNEY, CROSSAN—DETERMINATION OF THE PURITY OF STEAM 


ELECTROLYTIC CONDUCTIVITY (MICROMHOS) 
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COLLECTED EACH 10 MINUTES 


Fie. 2. EXPERIMENTS 
Legend 


1 Distilled water redistilled 
Redistilled ‘“‘conductivity water” 
3  Redistilled ‘‘gas-free condensate” 


4 Redistilled alkaline KMnOs¢-treated water 
5 Redistilled P2Os-treated distilled water 
6 Redistilled Bre-treated distilled water 


7 Redistilled No. 5 water 


obtained is reasonably good. For comparison of the values ob- 
tained with those of other investigators, the data of Table 9 are 
included. 


TABLE 9 CONDUCTIVITY OF “PURE” WATER 


Prepared by Year Micromhos 
Thiessenn, Herrmann (15) 1937 0.065-0.08 
Rimattei, Petit (16) 1937 1.2 
Straub (17) 1935 0.3-0.5 
Best (18) 1929 0.3-0.75 
Bengough, Stuart, Lee (19) 1927 0.045 
Bencowitz, Hotchkiss (20) 1925  0.06-0.07 
Kraus, Dexter (21) 1922 0.05-0.12 
Bennett, Dickson (22) 1919 0.4 
Clevenger (23) 1919 0.8 
Weiland (24) i9is8 0.053-0 .070 
Kendall (25) 1916 0.06-0.U09 
Bourdillon (26) 1913 0.2 
Kohlrausch, Heydweiller (10) 1894 0.05-0.11 
(Pure water standing in contact with air) 0.65-0 .66 


DETERMINATION OF AMMONIA—NESSLER 


Although Nessler proposed a reagent for the direct determina- 
tion of ammonia in 1856 (27), his method with various modifica- 
tions apparently remains the most widely used. Naturally, in 
the intervening time a considerable volume of literature has ac- 
cumulated, but there are few other methods proposed for the de- 
termination of small quantities of ammonia. Bjerrum (28) pro- 
posed an acid titration for determining both ammonia and carbon 
dioxide in distilled water. Makris (29) proposed a test using 
tannin solution and silver nitrate which he claimed was more 
sensitive than the Nessler test. Teorell (30) proposed a titrimetric 
determination for minute amounts of ammonia by using the 
reaction 2 NH; + 3 NaBrO = 3 NaBr + 3 H,O + N;, the excess 
NaBrO being determined iodometrically or by means of naphthyl 
red, which is decolorized by NaBrO. 

The most unfortunate feature of the Nessler method for de- 
termining ammonia is the variation in the preparation of Nessler’s 
reagent and its resulting varying sensitivity. In addition, the 
reaction taking place is rather complex, and the Nessler reagent 
undergoes change with time. 


Nichols and Willits (31) indicate the reaction to be 

2 (HgI:.2 Nal) + NH; = (NH;.Hgl.) + 2 Nal) 

2 (NH;. Hgl:) = NH:Hg.I; + 

2 (HgI..2 Nal) + 2 NH; = NH.Hg.I; + 4 Nal + 


The compound NH;HgiI; gives the color to Nesslerized ammonia 
solutions. 


AMMONIA IN THE NESSLER REAGENT 


In their study of the Nessler reaction, Nichols and Willits (31), 
working with a solution containing 2 ppm ammonia nitrogen, and 
adding 5 ml Nessler reagent to a 100-ml sample, found that the 
apparently clear yellow solution formed could be made clear and 
colorless by passing it through a microfilter, using 0.06-gage cello- 
phane as the filtering medium, under a pressure of 290 lb of nitro- 
gen. With the exception of one other statement to this effect 
quoted in Yoe (32), “J. H. Robertson and A. Hisey have recently 
made an extensive experimental study on the nature of the 
Nessler color and conclude that it is due to colloidally dispersed 
particles in suspension and not in true solution (private com- 
munication);” it is believed, in general, that an ammonia-free 
Nessler reagent has a slight yellow-green color definitely distin- 
guishable from distilled water. In fact, the American Public 
Health Association liquid standards for ammonia nitrogen call 
for an addition of platinum salt (standard) to make the 0.00 
standard. From the previously quoted statements, one would be 
led to believe that the color in a Nessler reagent is due to the 
presence of colloidal-like particles resulting from reaction with 
the ammonia present in the water used to make the reagent. 

In the limited time that was available for experimental work on 
the filtration and ultrafiltration of a Nessler reagent, no success 
resulted in trying to get a colorless solution, and the filtered 
Nessler reagent gave results that were only 0.01 ppm lower than 
those obtained with unfiltered Nessler reagent. Filtrations were 
made through 12 sheets of quantitative filter paper and through 
very thick mats of asbestos. Experiments with cellophane in a 


> 
4H. / z 0.16 1 
3] s\4 6 \ 
Ys 
\ 
= 2 
Be 
= 
‘not 
ills 
sie 
ah 
“ag x 
2) 


726 


silver-plated steel ultrafilter, using nitrogen, resulted in accelerat- 
ing the formation of a precipitate in the solution, instead of ob- 
taining further clarification. Normally a precipitate forms in a 
Nessler reagent with the passage of time. Considering the com- 
plexities arising from attempting to filter a strongly alkaline liquid 
by ultrafiltration, it was decided not to attempt further experi- 
mentation along this line. 


SENSITIVITY OF THE NESSLER REAGENT 


Wirth and Robinson (33) point out that a zero blank does not 
necessarily mean there is no ammonia present but, as they de- 
termined experimentally using distilled water and the “standard 
methods’’ reagent, that 0.02 ppm or less of ammonia nitrogen is 
present. However, since they apparently prepared their am- 
monia-free water by simple distillation, it is quite possible that 
their minimum of 0.02 is actually somewhat higher. 


EXPERIMENTAL RESULTS 


For the purpose of simplifying the determination of ammonia 
by the Nessler method, La Motte liquid standards and reagents 
were tried. Comparison of solutions was made in a La Motte- 
Nessler tube comparator. Ammonia-free water, an ammonium- 
chloride standard, and a Nessler reagent were prepared for com- 
parison of results. 

Using 1 ml of Nessler reagent per 50-ml sample and a 10-min 
reaction time as recommended by the American Public Health 
Association Standard Methods of Analysis (34), the results seemed 
definitely to limit the sensitivity of the determination. Using our 
ammonia-free water, it took 0.05 ppm of added ammonia nitrogen 
to give any indication of ammonia when compared with the La 
Motte standards. After considerable testing we decided to use 
2 ml Nessler reagent per 50-ml sample and compare after 30 min. 
Tests were made in Nessler tubes, which were then closed with 
rubber stoppers. We used ordinary Nessler tubes after we had 
tried Nessler tubes as advocated by Powell (4) and found that 
we obtained the same results in both types of tubes. Where the 
sample to be collected was freely flowing, we caught the solution 
in an open Nessler tube by allowing it to flow under constant 
head into the bottom of the tube and then to overflow until the 
sample was ready to be tested. A flow of about 90-ml per min, 
for 30 min, was used. For accurate work, we checked and pre- 
pared anew, if necessary, the ammonia-nitrogen liquid standards 
used with a given Nessler reagent. It is quite simple to add 
ammonia nitrogen to ammonia-free water to make a series of 
standards and we prefer this procedure. 


ELEctTrRo.LytiIc-CONDUCTIVITY CORRECTION FOR THE PRESENCE 
oF AMMONIA IN CONDENSED STEAM 


The “ammonia correction” was determined by actual full- 
plant test. The data are presented in Table 10 and shown 
graphically in Fig. 3. Ammonia was introduced into the 
boiler-feedwater suction. 

The slope of the line obtained in Fig. 3 gives 1 ppm ammonia 
nitrogen = 8 micromhos. Extrapolation to zero ammonia gives 


an extremely low electrolytic conductivity for gas-free condensed. 


steam. From the pH value of the condensate and the known 
equilibrium existing between the bicarbonate and carbonate ions, 
it is probable that the ammonia exists in solution in combination 
with the bicarbonate and carbonate ion. 


DETERMINATION OF AMMONIA VOLUMETRICALLY WITH 
Soprum AND NAPHTHYL RED 


In order to check the results obtained by the Nessler method 
for the concentration of ammonia in condensed steam, we have 
considered other methods of analysis. As a result, we have in- 
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TABLE 10 EFFECT OF ADDING AMMONIA TO BOILER 
FEEDWATER ON THE ELECTROLYTIC CONDUCTIVITY 
OF CO;FREE CONDENSATE? 


Electrolytic Ammonia 

conductivity, nitrogen 

micromhos found, ppm Remarks 
1.29 0.17 Aug. 31, normal operation 
6.60 0 83 Introduced NHs 
2.00 0.25 Discontinued NHs 
1.36 0.15 
4.21 0.50 Introduced NHs 
4.35 0.50 
3.27 0.40 
2.37 O 166 Sept. 1, reflux condenser in 
1.20 0.136 
0.86 0.08¢ Reflux condenser out 
0.90 0.10¢ 


* Readings taken on the half hour; 2 ml Nessler reagent used; readings 
taken after 30 min. 
Different dilutions. 
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Fie. Resuits or Test To DETERMINE ‘‘ AMMONIA 
CORRECTION” 


vestigated the oxidation of ammonia by sodium hypobromite, 
using naphthyl red as an indicator (30, 35). The method has 
demonstrated excellent possibilities but, as yet, has not been 
applied to routine testing. The reactions taking place are: 


2 NH; 3 NaBrO = 3 NaBr 3 H,0 
NaBrO + naphthyl red = NaBr + colorless product 


The reaction is very sensitive; 1 ml 0.0005 N naphthyl red being 
equivalent to approximately 1.9 gamma ammonia nitrogen (1 
gamma = 0.001 mg). 

The procedure as developed by the authors for use in determin- 
ing ammonia in condensed steam is as follows: 


Reagents (use ammonia-free water): 


0.1 N NaOBr—2.5 g NaOH, 1.25 ml bromine, dilute to 500 ml 
2 N Na,CO;—106 g per | 

0.001 N NaOBr—dilute 0.1 N NaOBr using 5 ml 2 N Na,C0; 
per 500 ml 

4 per cent HBr—24 ml 48 per cent HBr, dilute to 200 ml 

(NH,):SO,—0.4716 g per 1; dilute 1 ml to 100 ml; 1 ml = 1 
gamma ammonia nitrogen 

0.0005 N naphthyl red—30 ml glacial acetic acid, 3.75 ml 89 
per cent H,PO,, 1.9 ml 25 per cent HBr, 10.5 ml freshly pre- 
pared 0.1 per cent solution of naphthyl red in water, water to 
500 ml. 


Procedure: 

1 Take 10-ml sample for test in 25-ml Erlenmeyer flask 

2 Add 2 ml 0.001 N NaOBr (exact); shake for !/2 min 

3 Add 0.2 ml 4 per cent HBr and shake 

4 Add naphthyl-red solution from a microburette until just 
visible red color appears while sample is being shaken 
after addition of reagent; calculate ammonia-nitrogeD 
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concentration from naphthyl-red factor as obtained 
under standardization; 1 gamma per 10 ml = 0.1 ppm. 


Standardization: 
A Take 10-ml sample of ammonia-free water and follow 
procedure 
B To 1 ml ammonia-nitrogen standard add 9 ml ammonia- 
free water and follow procedure. 


Sample calculation: 
a 10 ml ammonia-free water require 2.10 ml naphthyl-red 
solution 
b 1 gamma ammonia nitrogen requires 1.60 ml naphthyl-red 
solution 
0.5 ml naphthyl-red solution is equivalent to 1 gamma am- 
monia nitrogen 
1 ml naphthyl-red solution = 2 gamma ammonia nitrogen. 


The time required for a titration is only a matter of a few 
minutes. The standardization of the naphthyl-red-ammonia- 
nitrogen factor should be made at least every day because the 
solutions are not stable. Since the standardization is so easily 
made, our practice has been to make it twice daily if tests are 
made during an entire day. The constant check obtained by 
frequent standardization serves a useful purpose. Our results 
have shown that the method is good in the region 0.1 to 0.3 
ppm ammonia nitrogen. In that range results are reproducible 
to within 0.02 ppm or less, as shown in Table 11. For solutions 
containing 0.5 gamma or 0.05 ppm ammonia nitrogen, the 
naphthyl-red factor deviates from the constancy shown at higher 
concentrations. Krogh (35) states that it is advisable to reduce 
the volume of hypobromite used when working regularly with 
amounts of ammonia nitrogen less than 1 gamma. 


TABLE 11 TEST RESULTS 


Ammonia Naphthyl-red-solution factor in gamma 
nitrogen Ppm -———ammonia nitrogen———. 
1 gamma 0.1 1.79, 1.88, 2.00, 1.85 1.88 avg 
2 gamma 0.2 1.80, 1.96, 1.90 1.89 avg 
3 gamma 0.3 1.96, 1.90, 1.91 1.92 avg 
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Determination of Purity of Steam by the 


Electrolytic-Conductivity Method 


By W. B. GURNEY,! M. C. SCHWARTZ,? anv T. E. CROSSAN® 


In order to assure correct boiler operation and to 
evaluate the effect of changes in water treatment or boiler 
design on purity of steam being delivered, it is essential 
to be able to measure any contamination that may occur. 
This paper, which is the last of three papers by the authors 
on the subject of steam purity, gives the procedure for 
making a practically continuous determination of steam 
purity by the only satisfactory method thus far available. 
In this method the electrolytic conductivity of the con- 
densed steam is measured and then converted to a solids 
basis. The distillation and the gravimetric methods are 
also discussed by the authors. 


uring the purity of steam: (a) To determine the extent of 

carry-over or steam contamination during normal operation 
so that correctness of operation may be maintained at all times 
and any irregularity detected at once; (b) to evaluate the effect 
of any changes in water treatment or of any changes in the me- 
chanical design of the boiler on the purity of steam being de- 
livered. Therefore, any method of measuring steam purity must 
be capable of practically continuous determination in order to be 
of real value. Thus far, the only method that is able to meet 
this requirement is one in which the electrolytic conductivity of 
the condensed steam is measured and thereupon converted to a 
solids basis by means of the proper calculations and corrections. 

If either operation, a change in water treatment or a change in 
the mechanical design of the boiler, is such as to result in priming 
or a condition approaching that state, the increase in electrolytic 
conductivity of the condensed steam is sufficiently great to be 
readily recognized as such. It is only when conditions are such 
that the steam contamination is quite low, less than 1 ppm, and 
remains at nearly that value after various changes, that the 
electrolytic-conductivity method and other methods encounter 
difficulties in evaluating the results of the changes. It is under- 
standable why there will be difficulty in securing the necessary 
accuracy when it is observed that condensed steam, containing 
0.5 ppm solids, is 99.9995 per cent pure. 


ls are two important and practical reasons for meas- 


PROCEDURE FOR DETERMINING STEAM PurITY BY ELECTROLYTIC 
METHOD 


The following procedure has been employed for determining 
steam purity by the electrolytic method: 


1 Efficiency Engineer, Gulf State Utilities Company, Baton Rouge, 
La. Mem. A.8.M.E. 

2 Research Chemist, Gulf States Utilities Company, and Research 
Associate in Water Technology, Department of Chemical Engineer- 
ing, Louisiana State University. 

4 Superintendent, Gulf States Utilities Company, Baton Rouge, 
La. Mem. A.S.M.E. 

Contributed jointly by the Gulf States Utilities Company, Louisi- 
ana Station, Baton Rouge, La., and the Engineering Experiment 
Station, Louisiana State University, and accepted by the Joint Re- 
search Committee on Boiler Feedwater Studies and presented at the 
Spring Meeting, Boiler Feedwater Sessions of Taz AMERICAN SOCIETY 
OF MECHANICAL ENGINEERS, Worcester, Mass., May 1-3, 1940. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


728 


1 Determine the cell constant of the conductivity cell with a 
solution of potassium chloride at constant temperature. All 
electrolytic-conductivity values are referred to 25 C or 77 F by 
use of the temperature compensator on the conductivity meter. 

2 Remove carbon dioxide and some ammonia from the steam 
sample by passing it through the degasifier. If the pH of the 
condensed-steam sample rises from the acid to the alkaline side 
on degasification, removal of carbon dioxide is indicated. 

3 Observe the temperature of the condensed-steam sample. 
Adjust the conductivity meter to correct for the measured cell con- 
stant and temperature. Measure the electrolytic conductivity 
of the condensed steam. 

4 Determine the carbon dioxide and ammonia in samples of 
condensed steam collected at the same time. 

5 Compute the conductivity correction due to the presence of 
ammonia and carbon dioxide, if any; subtract these from the 
measured conductivity. 

6 Subtract the value 0.05 micromho, that of pure water, 
from the measured conductivity. 

7 Compute the total solids in the steam by applying the 
proper factor to the corrected electrolytic conductivity of the 
condensed-steam sample. 


For measuring the electrolytic conductivity of the condensed- 
steam samples, Leeds and Northrup Meter No. 4866 is satisfac- 
tory as a portable instrument. The instrument is equipped with 
cell-constant and temperature-compensator control dials. For 
continuous recording of conductivity measurements, we use 4 
Leeds and Northrup meter with a range of 0 to 2 micromhos in 
steps of 0.02 micromho. The adjustment for cell constant and 
temperature, however, is manually controlled. It is possible to 
compensate for temperature changes automatically by using re- 
sistance thermometers, equipped with auxiliary slide-wire drums 
which can be connected in the bridge circuit of the recording con- 
ductivity meter and thus correct for any variation from 77 F. 
A glass dip-type conductivity cell, having a cell constant not 


greater than 0.1 is used. The electrodes are platinized platinum. | — 
Potassium-chloride solutions are universally accepted as stand- | — 
Jones | 


ard reference solutions for electrolytic measurements. 
and Bradshaw (1)* have prepared potassium chloride as follows: 
“The purest material ‘available by purchase was recrystallized 
several times with centrifugal drainage. Qualitative chemical 
tests for magnesium and sulphate (the most likely impurities) 
gave negative results. The salt was fused in a platinum cru 
cible, poured into a platinum dish, and transferred to a closed 
bottle while still hot. The salt showed no tendency to gain it 
weight by absorption of moisture when allowed to stand on the 
balance.” Jones and Bradshaw (1) have considered the prep* 
ration of potassium-chloride reference solutions and, as a result 
of painstaking work, have recommended the following value {0 
an approximately 0.01 N solution, which is the most dilute solt- 
tion they considered. The solution is precisely defined as follows 
0.745263 g of KCI per 1000 g of solution in vacuum, At 25¢ 
the conductivity is 1408.77 micromhos. For preparing the stan¢- 
ard solution, Jones and Bradshaw recommend using conduc 


« Numbers in parentheses refer to the Bibliography at the end 
the paper. 
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tivity water prepared in contact with air. Such water will have 
a specific conductance of approximately 1 micromho at 25 C. 
The conductivity of the water used should be measured in ad- 
vance and subtracted from the measured conductivity of the solu- 
tion. It is desirable to have available a more dilute standard 
reference solution but, presumably, none has been prepared and 
measured with the exactness with which Jones and his associates 
have done for the more concentrated potassium-chloride solu- 
tions. Powell (2) states that a 0.0001 N_ potassium-chloride 
solution has a specific conductance of 15.27 micromhos at 25 C. 


REMOVING CARBON DIOXIDE AND AMMONIA FRoM CoNDENSED 
STEAM 


The removal of carbon dioxide and ammonia from condensed 
steam is difficult. Available methods have been considered 
by the authors (3). An apparatus, represented in Fig. 1, has 
been developed for this purpose. So far as the authors have been 


VENT 


TO WASTE { 


CONDENSER 


ARRANGEMENT OF APPARATUS FOR REMOVING CARBON 
OXIDE AND AMMONIA FROM CONDENSED STEAM 


Fig. 1 


able to determine by the use of this system, carbon dioxide is re- 
moved to the extent that only undetectable amounts remain. 
Removal of ammonia, however, is incomplete. The pH of the 
condensed steam, measured with a glass electrode, is on the alka- 
line side. Steam is sampled with the standard A.S.M.E. sam- 
pling nozzle (4) installed in the main steam header close to the 
boiler. From a steel shutoff valve it is then conveyed in stain- 
less-steel tubing to a tee where part of the steam passes directly 
to a copper reboiling coil in the copper degasifying chamber. 
From there the steam passes to a copper condenser. In addition 
to the dissolved or suspended solids present, this condensed- 
steam sample contains any soluble gases present in the steam and 
is referred to as the straight-through sample. It gives a prompt 
indication of changes in steam composition. The sample passes 
through a Pyrex-glass holder which contains a thermometer and 
& conductivity cell. 

The remaining portion of steam from the tee passes through a 
stainless-steel condenser for partial cooling and from there into 
the copper degasifying chamber. Upon coming in contact with 
the steam-heated reboiling coil, the condensed steam again boils 
Violently. Dissolved gases are flashed out and steam serves also 
4&8 & scrubbing medium to assist in removing soluble gases. A 
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copper reflux or vent condenser condenses any steam that might 
escape along with the dissolved gases and thus eliminates any 
increase in concentration in the degasifying chamber. A vent 
and overflow line assist in maintaining a constant water level in 
the degasifying chamber. The cover on the degasifying chamber 
fits loosely. 

The degassed condensed steam issuing from the degasifying 
chamber is further cooled by passing it through another stainless- 
steel condenser from which it passes into a Pyrex-glass holder 
containing a thermometer and conductivity cell. This sample is 
referred to as the degassed sample. 

The steam flow should be about 280 ml per min. The flow 
from the reboiling coil should be about 150 ml per min. The 
flow of degassed condensed steam should be about 80 ml per min. 
These flows are approximate for 720-F steam. Steam at other 
temperatures requires variation in flow through the reboiling coil. 

The copper reboiling coil is made of !/,-in. tubing, 10'/; turns, 
and 1'/,;in. diam. The copper reflux coil is made the same as the 
reboiling coil. With respect to the materials suitable for convey- 
ing steam and condensate with minimum contamination, it has 
been our experience that stainless steel is most suitable for high- 
pressure high-temperature steam, and copper is satisfactory for 
condensate if a suitable flow is maintained. 

In testing for the presence of carbon dioxide in the condensed 
steam, it is customary to use N/44 or N/50 sodium hydroxide and 
a sample of at least 250 ml. One or two drops are usually suffi- 
cient to give a pink color with phenolphthalein. Under these 
conditions, the amount of carbon dioxide present is considered 
negligible. For determining ammonia in condensate, we have 
used both the colorimetric Nessler method and the volumetric 
sodium-hypobromite-naphthyl-red method, described in another 
paper (3). It is important to note that the relative-conductivity 
corrections to be applied for residual carbon dioxide and am- 
monia in the condensed steam are approximately in the ratio of 
1 to 10 per ppm of each present. It is thus evident that, not 
only does ammonia affect the results more appreciably, but the 
residual ammonia must be determined with an accuracy of 0.01 
ppm. 

Our experience with the degasifier has indicated that no de- 
tectable amounts of carbon dioxide remain in the condensed 
steam, therefore no correction to the measured electrolytic con- 
ductivity has been applied in this respect. The value of 1 ppm 
ammonia nitrogen = 8 micromhos (25 C), which, as we have de- 
termined experimentally, agrees well with currently used values 
(2). 

To convert electrolytic-conductivity measurements to ppm 
dissolved solids, the procedure has been as follows: Small incre- 
ments of boiler water are added to degassed condensed steam. 
The total solids in the boiler water are determined gravimetri- 
cally. Providing the concentration increments are kept small, 
the linearity of the relationship between ppm solids and elee- 
trolytic conductivity is assured. A typical calibration is shown 
in Table 1. 


TABLE 1 TYPICAL CALIBRATION OF ELECTROLYTIC-CON- 
DUCTIVITY MEASUREMENTS 


Boiler water added, Solids added, Conductivity, 
ml ppm micromhos 
0.00 0.00 0.82 
0.10 0.32 1.49 
0.20 0.64 2.09 
0.40 1.28 3.38 


Boiler water 1601 ppm. 


Fig. 2 represents the plotted results. The slope of the line 
gives the factor for converting micromhos to ppm; in this case 
it is 1 micromho = 0.5 ppm dissolved solids (25 C). 

A typical calculation for degassed condensed steam follows: 
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1.37 micromhos, measured conductivity; 0.14 ppm ammonia ni- 
trogen; no carbon dioxide; dissolved solids in condensed steam 
= (1.37 — 1.12 — 0.05) X 0.5 = 0.10 ppm. 


DIsTILLATION METHOD 


Place (5) has recommended distilling a given volume of con- 
densed steam in a glass still and measuring the electrolytic con- 
ductivity of the solution remaining in the distilling flask. The 
portion to be distilled is that sufficient to remove the volatile im- 
purities. Then, providing no dissolved solids have been added 
from the glassware during the distillation, the remaining liquid 
will contain only the dissolved solids originally present in the 
sample. Place, however, considered carbon dioxide as the only 
gaseous impurity in the solution. As the authors’ tests have 
shown, it is not possible completely to remove ammonia by sim- 
ple distillation. Ammonia should therefore be determined in the 
solution remaining in the flask and the proper correction applied 
for its presence. A typical distillation on a sample of degassed 
condensate is given in Table 2 (it is not necessary to take a de- 
gassed sample for distillation). 


TABLE2 TYPICAL tl DEGASSED CONDENSATE 


——. Conductivity, Ammonia nitrogen, 
m 


micromhos ppm 
0 0.71 0.07 
73 1.15 0.10 
71 0.99 0 07 
67 0.955 0.07 
71 0.875 0.06 
67 0.72 0.03 
73 0.60 0.01 
64 0.50 0.01 
65 0.42 0.01 
65 0.37 0.01 
59 0.35 0 Ol 
Residual volume Residual volume Residual volume 
83 2.56 0.03 (Total volume 
758 ml) 


Corrected conductivity of dissolved solids 
= |2.56 — (0.03 x 8) — 0.05] X (83 + 758) = 0.25 


Dissolved solids = 0.25 X 0.5 = 0.125 ppm 


GRAVIMETRIC METHOD 


In another paper (6), certain values for total solids in condensed 
steam, obtained by evaporation and weighing, are given. Ex- 
amination of the residue disclosed appreciable amounts of iron 
which originally were presumably not in solution but in suspen- 
sion and hence would not affect the conductance of the sample. 
More direct evidence was found by adding pure water to the 
residues in the platinum dish and obtaining the increase in con- 
ductivity. On the basis that 1 micromho = 0.5 ppm dissolved 
solids, the results given in Table 3 were obtained. These values 
are in line with those derived from more direct electrolytic-con- 
ductivity methods. 
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TABLE 3 VALUES FOR TOTAL SOLIDS IN CONDENSED STEAM 
BY EVAPORATION AND WEIGHING 


Dissolved 
From solids, 
Bibliography (6) Condensed ppm 
Table 2, No. 6(a) Superheated steam 0.13 
Table 2, No. 6(b) Superheated steam 0.10 
Table 2, No. 7 Saturated steam 0.05 
Table 2, No. 8 Saturated steam 0.05 
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Discussion’ 


D. S. McKinney? anp Max Hecur.* In papers Nos. 1 and3 
the authors have made valuable contributions to the analysis of 
water of high purity, and to the application of conductivity meth- 
ods to such water. For the sake of completeness, and for 8 
better understanding of the technique used, some details should 
be amplified. For example, the drying temperature, which de 
termines the degree of hydration of the weighed residue, is not 
given. The method of protecting the residue from hydration or 
carbonation during weighing is not described. 

Examination of Table 1, in first paper, indicates that the 
residue was weighed to 0.1 mg. In view of the small quantity of 
material, it would seem ‘advisable to weigh the residue to 0.01 mg. 
McKinney, in a discussion‘ of Ulmer’s paper describes a method 
for securing this sensitivity at relatively low cost with an analyti- 
cal balance. 


Discussion OF THIRD PAPER 


Although numerous investigators have measured contamins 
tion in steam, few have considered the problem of proper sa- 


1 This is a combined discussion of the series of three papers on the 
general subject ‘Determination of Purity of Steam,” by M. © 
Schwartz, W. B. Gurney, and T. E. Crossan. These papers will be 
referred to in the discussion as first, second, and third, corresponding 
to the order in which they are published. 

? Assistant Professor, Chemical Department, Carnegie Institut 
of Technology, Pittsburgh, Pa. 

3 Pittsburgh, Pa. 

‘“Determination by the Evaporation Method of Small Amoun* 
of Dissolved Solids in Water Such as Condensed Steam From Bol 
ers,” by R. C. Ulmer, discussion by D. 8. McKinney, Proc. A.S.T.M- 
vol. 39, 1939, p. 1228. 
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pling. It should be emphasized that the sample is secured from a 
heterogeneous system, i.e., steam containing suspended solid or 
liquid particles. In order to secure a representative sample from 
such a system, it is essential that the velocity of the steam enter- 
ing the openings of the sampling nozzle be identical with that of 
the main body of the steam approaching the openings. If the 
sample is withdrawn too rapidly, too great a proportion of steam is 
obtained, if too slowly the proportion of suspended liquid or solid 
will be too high. It is pertinent to ask if the authors have met 
this requirement. 

The writers wish again to call to the attention of those inter- 
ested in conductivity measurements, that the relation of total 
solids to specific conductance is likely to be much more variable 
than the relation of dissolved salts to specific conductance. The 
authors apparently do not distinguish between the terms total 
solids and dissolved salts as indicated by their method of calibra- 
tion. In Table 2 of the third paper, the authors determine gravi- 
metrically the total solids in one sample of boiler water to obtain 
the relation between solids in the steam and conductivity. It 
should be noted that an unknown fraction of the boiler solids 
are nonconducting (Fe,0;, SiO2, etc). Furthermore, the fractions 
of nonconducting material may vary considerably during the 
normal run of a boiler. Yet in Table 3, the same factor is used 
to calculate the soluble portion of the evaporated residue from 
steam samples, which was found to be only about one third of the 
weight of evaporated residue. 

It is suggested that the dissolved salts in the boiler water 
should have been made the basis of the calibration. This point 
was discussed extensively in an earlier paper’ by the writers 
and re-emphasized in the discussion by Hecht of Ulmer’s paper.* 

Various factors for calculating dissolved substances in water 
from conductivity measurements have been reported in the litera- 
ture. Reference to Table 9 of the writers’ paper’ shows that, 
with the exception of H and OH, all common ions in water have 
specific conductances per ppm between 1.14 micromhos for NO; 
and 2.99 micromhos for Ca++. For OH~ the value is 11.3 and 
for H* 347 micromhos per ppm; all values being referred to 25 C. 
It is obvious that variations in H and OH concentrations will 
materially affect the relation of dissolved salts to conductances. 
It should therefore be emphasized that the factor reported for 
specific plants applies only to those plants. In general the ap- 
propriate factor will depend upon the water supply and its treat- 
ment. 


E. B. Poweti.§ The authors have demonstrated the prac- 
tical feasibility of power-plant measurement of solids carry- 
over in proportions as low as 0.1 ppm, and have described proce- 
dures by which a highly creditable approach to precision can be 
maintained in such measurements continuously. The electro- 
lytic-conductivity method obviously does not give a direct meas- 
ure of total solids to be encountered in condensed steam. Exten- 
sive work on corrections and calibrations, given special impetus 
by that of Hecht and McKinney,* now regarded as a classic in the 
power-plant field, has been carried on more or less continuously 
over the last 10 years. Statistical data are not yet available to 
cover correction factors for all water conditions. However, by 
securing appropriate calibrations for different water conditions to 
be met, following the general procedures described by the present 
authors, it is entirely practicable to set up data from which the 


$ “Electrical-Conductance Measurements of Water and Steam and 
Applications in Steam Plants,” by D. 8. McKinney and Max Hecht, 
Trans, A.S.M.E., vol. 53, 1931, FSP-53-11, pp. 139-151. 
: Discussion reference 4, p. 1229. 
Discussion reference 5, p. 147. 
* Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Mem. A.S.M.E. 
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individual plant can interpret the conductivity values in terms 
of actual solids carry-over to the degree of precision mentioned. 
The ability to measure is indeed an important factor in the ability 
to control, and the solids in steam are noexception. The authors’ 
contribution will be decidedly welcome to the industry. 


S. T. anp H. E. Bacon.’® The steam-quality data 
presented in this series of papers indicate the unusually low sol- 
uble-solids concentration of about 0.1 ppm, yet they are con- 
firmed by conductivity, gravimetric, and spectrographic measure- 
ments. The authors have certainly shown to the satisfaction of 
the most critical reviewers that the total solids in solution in the 
samples tested were less than 0.2 ppm. This demonstrates that, 
if currently accepted specifications for steam quality are changed 
in the direction of higher purity, it is entirely feasible to apply 
tests which will give meaning to the specifications. 

There can be no doubt that the more critical operation of high- 
pressure boilers requires a specific knowledge of steam quality, 
which, to be of value, should cover the full range of possible oper- 
ating conditions. Each of the variables, such as boiler-water 
concentrations, water levels, and steam flow should be changed 
one at a time to develop a basis for precicting performance under 
all conditions. This requires evaluation of the carry-over at fre- 
quent intervals, or preferably continuously, which precludes the 
use of gravimetric determination and leaves no other recourse 
except estimating solids by conductivity methods. Qualitative 
measurement, where carry-over is appreciable, presents no prob- 
lem. The major difficulties, and magnification of all inaccuracies, 
become increasingly great with improved quality of steam. 

Methods for measuring the purity of steam have primary sig- 
nificance in performance tests covering a limited period, but their 
utility for routine control of operations may be quite valuable. 
Permanent and continuously recording steam-conductivity ap- 
paratus has enabled the operators of one large plant to increase 
boiler-water concentrations from a tentative limit of 2500 ppm 
to 3500 ppm as the standard for controlling the plant. The 
availability of instantaneous indications of carry-over may thug 
permit the exploration of numerous changes in operation which 
promise greater economy and efficiency. In such cases, the re- 
finements described by the authors and corrections for dissolved 
gases are not practicable except for brief periods when highly ac- 
curate tests are desired. However, the operators soon learn to 
discount even large errors from such recognized sources and to 
correlate the meter charts with actual operating conditions. At 
the plant mentioned, the conductivity of the boiler blowdown is 
also recorded to provide a check on boiler-water concentrations. 

The experience of the writers has been almost entirely with the 
vacuum type of steam-sample degasifier. The residual ammonia 
left by this equipment is of the same order of magnitude as that 
cited by the authors for the reboiling type of degasifier. The 
vacuum apparatus, for which the practical application has been 
described previously,'! operates for long periods with very little 
attention. It would be of interest to have the authors suggest 
the important details in using their apparatus for continuous 
operation in routine plant control. 

In testing condensed steam for ammonia in the atmosphere of 
most steam-generating stations, it is almost impossible to make 
and preserve large quantities of ammonia-free water. We have 
found the use of Folin’s ammonia permutit to be satisfactory for 
preparing water to be used in making up ammonium-chloride 

® Baltimore, Md. Mem. A.S.M.E. 

10 Special Representative, Stoker Department, Westinghouse 
ree & Manufacturing Company, Philadelphia, Pa. Mem. 


11“Steam Contamination—III. Determination of Steam Qual- 
ity,’”’ by 8. T. Powell, Combustion, vol. 9, no. 5, Nov., 1937, pp. 25-31. 
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standards. These are only used, however, in the adjustment of 
permanent standards for each new batch of Nessler reagents. 

We hold no brief for conductivity measurements as providing 
absolute accuracy, realizing the deficiencies that exist. From 
our experience, however, we are convinced that steam-station 
operators now have available a means for closely estimating the 
performance of the boiler with respect to steam quality. Further 
improvement in apparatus for such measurements presents a 
worth-while problem for future study. 


AtFrREeD Wartson.'? In the application of the electrical-con- 
ductivity method to the determination of the purity of steam, the 
most perplexing problem has been the separation of the effect of 
dissolved solids from that of the ionized dissolved gases, such as 
ammonia and carbon dioxide. Various investigators have alter- 
nated between the two main lines of attack: (1) Measurement of 
the concentrations of ammonia and carbon dioxide, calculation of 
the increment of conductivity due to these concentrations, sub- 
traction of this value from the observed conductivity, and calcu- 
lation of the residual conductivity into terms of dissolved salts; 
and (2) physical elimination, in so far as possible, of dissolved 
gases before measurement of the conductivity, followed by di- 
rect calculation of the latter into terms of dissolved salts. 

Application of the first method has been hampered by uncer- 
tainty as to the corrections to be applied when both ammonia 
and carbon dioxide were present in the sample of condensate; 
application of the second by the difficulty of removing all the am- 
monia by any practical means. The authors have offered the 
compromise of removing substantially all of the carbon dioxide 
and part of the ammonia, so that correction need be made only 
for low residual concentrations of ammonia. 

While equipment for degasification of condensed-steam samples 
may well form part of the permanent testing equipment in a large 
central station or industrial steam plant, it is inconvenient to 
transport from plant to plant. The engineer engaged in field 
tests is predisposed, therefore, to rely upon the first method of 
lgaving the ammonia and carbon dioxide in the sample, and to 
develop as accurate a means as he can for correcting his observed 
values for conductivity in the light of his analyses for these gases. 

Offhand, it might seem suitable in making correction for carbon 
dioxide and ammonia to read off from the specific-conductivity 
curves of each, respectively, that conductivity value correspond- 
ing to the determined concentration, to add these two values, and 
to subtract the total from the observed conductivity of the sample 
regarding the difference as the conductivity due to dissolved 
solids. 

In a great many instances quite anomalous values have been 
obtained through the use of this method of correction. The most 
common anomaly is that of a negative value when the total cor- 
rection is subtracted from the observed conduc- 
tivity. Such a value is, of course, an impossi- 
bility. Wherein does the error lie? 

It is the writer’s opinion that the method often 
followed of making separate corrections for am- 


TABLE 1 


monia and for carbon dioxide and then totaling Time COs, 
these two values is incorrect, because it neglects 15 
the fact that the sample of water can have one 2:30p.m. 16 
and only one pH value and one equilibrium be- He ae. He 
tween the various ions for the conditions which #:15P-m. 16 


existed when the conductivity was measured. 
Actually, since ammonia is a base and carbon hee =a 
dioxide an acid in solution, with different rela- 12: 
tive amounts of these two, the relative concen- Le p.m. 
trations of H+, NH«*+,OH-, HCO;-, and CO;-- 

1 

1 


12 Hall Laboratories, Inc., Pittsburgh, Pa. 
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ions in the sample will vary. The specific conductivity of OH- 
ion is, however, nearly 3 times, and that of H+ ion 5 times that 
of NH,«*, HCO,-, or CO;-~ ions. Correction values obtained 
from the separate specific-conductivity curves of carbon dioxide 
and ammonia, determined respectively at low and at high pH 
values, cannot be consistently correlated, since these curves have 
no community of pH value, either with each other or with the 
sample to which the correction is to be applied. Therefore, it is 
not permissible to add such separate corrections and subtract the 
total from the specific conductivity of the sample. 


20 
~ 
s 
Comoverirry Incatase, Mnos Pan Cu Xx 10°* At 77°F (25%C) 
Fic. 1 Errecr or AMMONIA AND CARBON-DIOXIDE CONTENTS 


ConpDvucrtTIvITY OF STEAM CONDENSATE 


Because of the effect of the ions of one dissolved gas upon 
those of the other, the correction data cannot be simply pre 
sented. Perhaps the simplest method is by means of a family of 
curves, such as those illustrated in Fig. 1 of this discussion, which 
give the increase in conductivity for widely differing relationships 
of carbon dioxide and ammonia in the sample at its resultant pH 
value. These curves, based on the dissociation constants of 


carbonic acid and ammonium hydroxide, represent equilibrium | 


conditions. 


WEIRTON STEEL COMPANY CONDUCTIVITY TESTS; 900-LB-PRES 


SURE BOILERS 


Boiler No. 1 
Using separate factors for Using coordinated facto! 
-——CO: and NHs——~. ——for CO: and NH:— 
Dissolved Dissolved 
NHs, Conductivity, Correction, solids, Correction, solids, 
ppm mho X 10-* mho X 107% ppm mho X 10-¢ ppm 
0.4 ae 7.5 —0.2 5.7 +1.0 
0.4 TA 7.5 -0.3 +1.2 
0.4 6.0 6.5 —0.3 5.1 +0.6 
0.4 5.5 6.7 —0.7 5.2 +0.2 
0.4 5.9 7.5 —1.0 5.7 +0.1 
Boiler No. 2 
0.5 5.1 5.9 -0.5 4.9 +0.1 
0.4 4.9 5.6 —0.5 4.6 +0.2 
0.4 5.5 5.6 -0.1 4.6 +0.6 
0.4 5.4 5.6 -0.1 4.6 +0.5 
0.3 5.0 5.0 0.0 4.2 +0.5 
0.4 5.4 5.8 -0.3 4.7 +0.5 
0.4 5.7 5.8 -0.1 4.7 pry 
“0.4 5.3 5.8 —0.3 4.7 
0.3 5.7 5.9 -0.1 4.8 +0. 
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GURNEY, SCHWARTZ, CROSSAN—DETERMINATION OF THE PURITY OF STEAM 


The curves of Fig. 1 are expressed in terms of ammonia and of 
‘free’ rather than total carbon dioxide, as determined by stand- 
ard methods. The most significant feature is the extremely 
slight effect of carbon dioxide upon the conductivity when am- 
monia is also present and the pH value is below 7. 

The suggested procedure for testing a sample of steam conden- 
sate is as follows: 

1 (a) The concentrations of ‘free’ carbon dioxide and am- 
monia in the sample are determined by recognized standard 
methods. '* 

(b) The pH value of the sample may be determined by the 
glass electrode, as with Coleman electrometer Model 3D, or Leeds 
and Northrup No. 7661-A1, or equal. 

2 In case the content of “‘free’’ carbon dioxide is zero or nega- 
tive, or the pH value exceeds 7, for the most accurate work it will 
be advisable to adjust the ‘‘free’”’ carbon dioxide to an adequate 
excess or the pH to below 7 by means of pure carbon dioxide, and 
recheck the ammonia content. 

3 The specific conductivity of the sample under these condi- 
tions is obtained by means of a conductivity-resistivity indicator, 
such as Leeds and Northrup No. 4866, or equal. 

4 The correction for dissolved gases is read from a chart of the 
type of Fig. 1 of this discussion, and subtracted from the observed 
conductivity. 

5 The corrected conductivity is converted into ppm of dis- 
solved salts by the use of a suitable factor. 

Table 1 with this discussion, presents data on conductivity, 
ammonia, and carbon dioxide, obtained in a plant test on steam 
quality. In this case columns 5 and 6 give the correction values 
and the dissolved solids, respectively, when separate correction 
factors for carbon dioxide and ammonia were used, neglecting the 
fact that the sample could only have one pH value. Columns 7 
and 8 give the values obtained when the correction value was read 
off from the curves of Fig. 1. It is notable that in the former case 
the value for dissolved solids is negative in every case but one— 
an obvious impossibility. In the latter all values are on the posi- 
tive side. 

The suggestion of adding carbon dioxide to a sample of steam 
condensate instead of removing it may seem unorthodox, but is 
as fundamentally sound as the data for the dissociation of car- 
bonic acid and ammonium hydroxide. It should be kept in mind 
that the curves of Fig. 1 are calculated from these values in the 


Pes “Standard Methods for the Examination of Water and Sewage,” 
me edition, American Public Health Association, New York, 
N. Y., 1936. 
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literature, and the job of verifying them completely in practical 
determinations has only begun. We plan much further work 
along this line, and, finally, to present this entire subject in more 
complete form at a later date. 


AvutTHors’ CLOSURE 


As Messrs. E. B. and 8S. T. Powell point out in their discus- 
sions, it has been demonstrated to be possible to determine, con- 
tinuously, solids carry-over in steam in proportions as low as 0.1 
ppm. The authors feel that they have contributed to this im- 
portant power-plant problem. The variety of conditions found 
in different plants and the requirements of different individuals, 
as pointed out by Mr. Watson, seems to indicate that consider- 
able flexibility will be required in test methods. Under such cir- 
cumstances, the problem of carry-over measurement must be 
attacked from all angles. 

The drying temperature for gravimetric determination of total 
solids residue, requested by Messrs. McKinney and Hecht was 
110 C. The weight of the residue upon successive weighings, 
involving the incidental transferring from desiccator to balance, 
did not change, indicating that hydration and carbonation were 
not taking place. It is possible to weigh the residue to 0.01 mg 
but the authors do not believe this accuracy is warranted at pres- 
ent. It is worth-while to point out the fact that the temperature 
between successive weighings should be practically constant. 
The question of steam sampling has been considered by the 
authors and suitable flow maintained to secure proper velocities. 
This phase of the problem has also been emphasized by S. T. 
Powell.!!| Messrs. McKinney and Hecht correctly indicate that 
dissolved solids rather than total solids should be made the basis 
of calibration for electrolytic conductivity versus dissolved solids. 
In the case of the Louisiana Station, the dissolved and total solids 
are substantially the same. The correspondence between 
gravimetrically determined dissolved solids, after subtracting 
the weight of nonconducting residue, and independently de- 
termined dissolved solids by conductivity measurement bears this 
out. 

Mr. Watson’s procedure for computing the correction to be 
applied to electrolytic-conductivity measurements by determin- 
ing the ammonia and carbon-dioxide concentration in the con- 
densed steam, adjusted to a pH equal or less than 7 with carbon 
dioxide, is quite interesting. 

In conclusion the authors would again like to repeat: The 
problem of producing pure steam is of great importance and justi- 
fies the attention of all power-plant operators. 
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_A Theoretical Investigation of Plastic Torsion 
in an I-Beam 


By D. G. CHRISTOPHERSON,' OXFORD, ENGLAND 


The distribution of stress in an I-beam in torsion is in- 
vestigated by a method of successive approximation, and 
the regions of initial yielding are determined for several 
values of the angle of twist. Formulas are given for 
elaborating the methods of Southwell(1)* and of Shortley 
and Weller (2) in order to facilitate this determination. 

The value of the stress-concentration factor in the fillets 
is found to agree well with results obtained by soap-film 
tests, and regions of plastic flow approximate closely those 
observed by MacGregor and Hrones (3) by the use of the 
etching method. 


torsion of a prismatic bar reduces to the determination 
of a function such that 


Ox? oy? 


seen to the standard theory, the problem of the 


_ where G is the rigidity modulus, @ the angle of twist per unit 
_ length, and ¢ has boundary values everywhere zero. 


Many writers have pointed out that an approximate solution 


; to this equation may be obtained by transforming it into an equa- 
_ tion of finite differences, in which the value of the stress function 


at any point is obtained in terms of its value at a number of sur- 
‘rounding points. The most usual procedure has been to cover 
the area under consideration with a rectangular grid,* to compute 
_ the value of ¢ at the nodes, and to argue that a surface passing 
' through these points will have nearly the same properties as the 
/ actual stress surface, i.e., its contours and gradients will give the 
‘directions and magnitudes of the shear stresses, its volume being 
‘equal to one half the applied torque. In this procedure the value 
i of ¢ is given in terms of four equidistant values by the equation 


= + + + + 2Gach?............ [2] 
‘where h is the length of the side of any square in the mesh. 

Means of obtaining a rapid solution of such equations in bulk 
have recently been given by Southwell (1) and by Shortley and 
Weller (2), although the latter confine themselves to the solution 


Laplace’s equation (02/dz* + 02/dy’) = 0 


‘ hey also give an interpolation function in polynomial form 
b= a) + air cos 6 + bir sin @ + agr? cos 26 + ber? sin 26. . [3] 
‘ here r, @ are polar coordinates and ar, br, constant coefficients 


: University College, Oxford University, Oxford, England. 
; Numbers in parentheses refer to the Bibliography. 
An exception is Southwell’s (1) triangular mesh. 
Presented at the Annual Meeting, Philadelphia, Pa., December 
1939, of THe AMERICAN Society OF MECHANICAL ENGINEERS. 
Senate of this paper should be addressed to the Secretary, 
#S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
‘#rted until April 10, 1940, for publication at a later date. Dis- 
_ received after the closing date will be returned. 
OTE: Statements and opinions advanced in papers are to be 


4 nderstood as individual expressions of their authors, and not those 
the Society. 
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for use over any single square of the mesh, which affords an excel- 
lent basis for the deduction of formulas given later in this paper. 
Southwell’s solution, on the other hand, was applicable to 


Poisson’s equation 
@ + =) @ = f(z, y) 


where f(z, y) was any continuous function whatsoever. In mak- 
ing this generalization some rapidity in the convergence of the 
solution was lost, but in the paper (1) referred to previously a 
number of problems were solved, including one which referred to 
plastic torsion. 

This present paper was planned with a view to comparing this 
theoretical approach to the problem of plasticity with the experi- 
mental approach recently presented by MacGregor and Hrones 
(3). However, it has been found desirable to make use of certain 
formulas not contained in the earlier paper (1), which, it is be- 
lieved, increase the accuracy obtainable by the use of a mesh of 
given size, and thus accelerate the convergence. 

It is evident that Equation [2] can only be used exclusively 
when the section under consideration is such that it can be cov- 
ered by exact squares. For all other sections it is necessary to 
develop an analogous relation between the ¢’s when the surround- 
ing points are all at different distances h,, ho, hs, and hy, from the 
center, as shown in Fig. 1. This relation is 
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These are the only equations necessary to determine the re- 
quired values of the stress function in the elastic problem. From 
these, with the assistance of the interpolation function given pre- 
viously in Equation [3], the values of the gradients, hence of 
stresses, may easily be obtained. The volume, hence the torque, 
comes from the relation 


gi + o2 + + 
4 


Volume of single square = | + 5 ai | h? 

When we pass beyond the yield point, however, a different state 
of affairs obtains. It is first necessary to make a simplifying as- 
sumption with regard to the stress-strain curve of the material, 
and the idealized diagram shown in Fig. 3 is chosen. On this 


PLAST 
REGION 


SS 1 
SS 
k3h 
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assumption we may make use oi the concept of a roof, or limiting 
value of the stress function, described by Nddai (4). The con- 
tours of this roof run everywhere parallel to the boundary of the 
section and the gradient is uniform and equal to the limiting shear 
stress. 

On this understanding it is easy to compute the values of the 
ordinates of the Nddai roof over any section, and to make use of 
the overriding conditions that ¢ must not exceed these values. 
All that will then be required will be formulas, which provide rela- 
tions between the ¢’s when some parts of the square under con- 
sideration fall in the plastic zone and some (including the central 
point) in the elastic. 

Let us suppose that the limits of the plastic region lie at dis- 
tances kh, keh, ksh, and kh, as shown in Fig. 2 so that when the 
plastic region does not invade the square under consideration at 
all 


Then the relation which we require is 


1 1 oi + $3 + % 
2 
Ki+K; K,+K, 
+ Gah?. . [4] 


where K, = 2k, — ki, = 2k, — etc. 
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But for every link crossing the plastic boundary one new 
variable k will be introduced, so one more equation will be re 
quired. This equation is afforded by the fact that at the point 
of contact the stress surface ¢ is tangent to the roof, which has g 
known gradient. From this condition we deduce the equation 


+ Ks + 2k,?] = kids + + + (Ki + sing 
(5) 


In this equation y is the angle made by the link with the con. 
tour line of the roof at the point of contact; ro is the maximum 


> 


Stress 


Strain 
Fig. 3 


shear stress as indicated in Fig. 3. There will be one such equa- 
tion for every link crossing the boundary between the elastic and 
plastic zones, i.e., for every value of k required. 

It is not proposed in this paper to enter into detail with regard 
to the means of obtaining a rapid solution of these equations 
The processes used have been described fully in other papers 
(1, 2). It is therefore only necessary to consider means of 
dealing with the additional variables k, and the equations giving 
them. 

Fortunately this presents little difficulty, for, if we bear in mind 
the condition that the stress function cannot have ordinates ia 
excess of those of the roof, and that, when the elastic equation 
indicate that it does so, the point considered: must fall in the 
plastic region, we may rapidly obtain an estimate of the bounds 
ries of this region. Applying then equations of the type o 
Equation [4] only, we shall be able to determine values of ¢ 
everywhere, using the assumed values for k. Substituting thee 
¢’s in equations of the type of Equation [5] we can redetermine 
more exactly the limits of the plastic zone. It will be found thst 
changes in these limits will produce only small or negligible 
changes in the vertical ordinates of the neighboring points. That 
this must be so may readily be seen from geometrical consider* 
tions. A small and nearly normal displacement of a surface tat 
gent to a given plane produces a large change in the position 
the line of contact. 

The whole question of the accuracy and convergence of fini 
difference equations applied in this manner will not be gone int 
here. It is hoped that the degree of correlation with exper 
mental evidence which has been obtained will be regarded as pr> 
viding sufficient justification for the procedures used. 

We are now at liberty to proceed to the consideration of tht 
specific problem presented in this paper. Evidently, what in {st 
we need to determine is the extent to which orthodox (simpl 
theory is erroneous. For this purpose it is desirable to use * 
standard of comparison the simplest possible theory of the I 
beam—that which assumes the beam to be built up of a numb! 
of independent rectangles, each of which is long enough in com 
parison with its breadth for end effects to be negligible. 

On this understanding the relation between torque and tw 
is 
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where | is the length of a given rectangle and » is its breadth. 
Also the maximum stress in the section is 


Using these relations for comparison, we shall determine first, 
in the elastic region of the stress-strain curve, (a) the actual 
maximum stress in the fillets for a given angle of twist, and (6) 
the actual torsion modulus of the section; then, second, in the 
region beyond the elastic limit, (a) the extent and shape of the 
plastically deformed areas, for several values of the angle of twist, 
and (b) the torque-twist relationship beyond the elastic limit. 
The results are presented in this order. 


Srress CONCENTRATION IN FILLETS 


The maximum stress in the fillets was found to be 
Tmax = 1.85 bGa 


giving a stress-concentration factor of 1.85 when referred to Equa- 
tion [7]. The greatest stress occurred very near the point of 
contact of the inscribed circle, that is, at point A in Fig. 4. It 
is of interest to compare this result with that obtained by ex- 
Using the soap-film analogue, Ehasz 


_ (5) obtained a curve showing the value 1.90 for the dimensions 
here analyzed, and claimed an accuracy of 2 per cent. The 
_ earlier work of Griffiths and Taylor (6), although it is by no means 


_ So complete, appears to indicate a slightly lower value. 


On the 
Whole, bearing in mind the fact that any errors which exist, 
either in experimental or in computational technique, are at their 
maximum in the determination of this quantity, the present 
author is satisfied with the results obtained. 


Torsion MopULUs FOR THE SECTION 
With regard to the torsion constant K in the equation 
Torque = aGK 


the elementary theory as expressed in Equation [6] applied to this 
section gives the results 


K = 4,222b 
The more complex formula utilized by Lyse and Johnston (7) 


Fia. 5 
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K ts bl + 26D* — 0.42016b4 


in which the constant 8 is determined from soap-film experiments 
gives the value 


K = 4.748b¢ 
and the present investigation leads to the conclusion 
K = 4.726b* 


While it is difficult to estimate the accuracy which can be guaran- 
teed for the first of these two results it is believed that the differ- 
ence between them (0.5 per cent approximately) is well within 
the limits of expected error. 

Fig. 4 shows typical stress lines in the elastic region. This 
figure may be compared to Fig. 9 of a paper by Trayer and 
March (8) which is a similar contour diagram obtained by soap- 
film experiment; the similarity between the results of the two 
processes is very clearly demonstrated. 


REGIONS oF PLastic FLow 


The boundaries of the plastic region where determined for an 
angle of twist 


a= 


to/Gb 


which, according to the elementary theory expressed in Equation 
[7] would be the twist at the elastic limit, and for angles two 
thirds as great and twice as great as this. The results for the 
first and last of these determinations are given in Figs. 5 and 6. 

In the second case the plastic area was found to be restricted 
almost entirely to the fillets, and an additional diagram was not 
considered necessary. Fig. 5 shows contours identical with those 
in Fig. 4 and is intended to indicate the effect of the onset of 
plasticity on the direction of stress in the fillets. It is noticeable 
in this figure that, while the angle of twist has been almost 
doubled since the elastic limit was reached, the plastic zone has 
not yet covered more than 10 per cent of the total area of the sec- 
tion. 

Redoubling this angle, however, has the effect of producing a 
very much larger area of plasticity, as is shown in Fig. 6. This 
is intended to be compared with Fig. 8, for permission to repro- 
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duce which I am much indebted to C. W. MacGregor. The dark 
wedge-shaped marks on Fig. 8 indicate very clearly the regions 
of plastic flow obtaining in the experiment, as they may be ob- 
served by the etching method. It will be seen that the result of 
such a test agrees well in general shape with the result we have 
obtained by computation. In order to estimate the quantitative 
significance of the comparison, we must first consider the torque- 
twist relation for the section, which is given in Fig. 7. 


% b? Limiting Torque 


We have assumed a stress-strain diagram, shown in Fig. 3, 
which has no true yield point, in the sense that there is no point 
on the curve at which increasing strain produces a decrease of 
stress. It is evident that, on this theory, the torque will increase 
indefinitely to a finite limit, given by the volume of the Nddai 
roof. The torque-twist curves given by MacGregor and Hrones 
(3), on the other hand, do not conform to this condition, indicat- 
ing that for the material of the specimen (S.A.E. 1112 steel) the 
assumption of Fig. 3 is seriously in error. It is a matter of con- 
siderable interest, therefore, if we can demonstrate that in spite 
of this the position and size of the plastic region is adequately de- 
termined. We may best do this by comparing the value of ro 
the maximum shear stress, observed in the experiment, with the 
value which must be assumed in the computation in order to ob- 
tain, for the same angle of twist, a diagram identical, as far as one 
can judge, with the experimental picture. 

The actual maximum shear strength observed varied between 
48,500 and 53,000 lb per sq in. To obtain a diagram identical 
for identical conditions of twist the assumed value had to be 
54,000 lb per sq in., but difficulty in measuring from Fig. 8 may 
introduce an error of at least 5 per cent in this value. The agree- 
ment may therefore be regarded as satisfactory. 

In spite of failure to agree with results of experiment, Fig. 7 
has some additional interest as describing the properties of a 
hypothetical material. It is noticeable that while the plastic 
flow actually begins at the point A, very little falling off from the 
straight-line relation is visible before the point B, which is the 
elastic limit under the rudimentary theory of Equation [7], is 
reached. At this point also the torque-twist ratio differs by only 
about 4 per cent from the value predicted by this theory. It may 
therefore be argued that for a material of this type under a state 
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of stress such that considerations of fatigue could be neglected 
this very simple theory may be applied with much greater succes 
than could be expected. Evidently the errors resulting froz 
neglecting both end effects and fillets tend to neutralize on 
another to a great extent. 

The author hopes that this paper will have some interest s 
providing additional corroboration for the results obtained by th 
soap-film analogue, and as helping to demonstrate that the s+ 
sumption inherent in the NAdai roof analogy does not lead to e- 
roneous conclusions being reached as to the limits of plastic ove 
strain. 

In conclusion he wishes to express his most grateful thanks % 
C. W. MacGregor and to R. W. Vose for advice and assistane 
throughout ihe preparation of this paper. 
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Stress-Concentration Factors Around a 


Central Circular Hole in a Plate Loaded 
Through Pin in the Hole 


By M. M. FROCHT! ano H. N. HILL? 


This paper deals with factors of stress concentrations in 
plates of finite width with central circular holes loaded 
through pins or rivets. Two sets of results are presented, 
one from oversize aluminum specimens in which the 
stresses were determined from strain-gage measurements, 
the other, from photoelastic tests with small bakelite 
models. The two investigations were conceived and exe- 
cutedindependently. The tests involving the use of strain 
gages were made at Aluminum Research Laboratories and 
the photoelastic tests were made at the Photoelastic 
Laboratory of the Carnegie Institute of Technology. 

While most of the tests involved plates loaded through a 
single pin in a hole on the longitudinal center line of the 
plate, several tests were made on plates loaded through 
two pins symmetrically situated about the center line of 
the plate. Numerical values for the stress-concentration 
factor k are given for ratios of hole diameter to width of 
plate (2r/D) ranging from 0.086 to 0.76. 


KNOWLEDGE of stress-concentration factors is frequently 
essential to a proper design, particularly of machine parts 
and structural members or joints subjected to fatigue 
stresses. The strength of such elements is greatly affected by 
concentrations of stress. Riveted and bolted joints or connections 
are typical examples of such elements. In recent years numerous 
tests have been made to study the fatigue strength of joints 
(1,2). The problem of the determination of the fatigue strength 


of a joint is of such complexity that it can probably best be solved 
_ by adirect experimental approach. A knowledge of the distribu- 


_ tion of stresses in such a joint, however, would obviously be of 


» considerable value in the analysis and in the extension of test 


results. 
This paper deals with the problem of determining stress concen- 
_ trations in a riveted or bolted joint, reduced to its simplest form. 
_ While a knowledge of the stress-concentration factors for this 
simple case is not in itself sufficient for the determination of the 
maximum stresses in a complicated joint, test results indicate that 
these stress-concentration factors probably represent upper limits. 
Although a knowledge of stress-concentration factors might be 
of rather limited value in a study of the fatigue strength of riveted 
or bolted joints of mild steel (a material for which the endurance 
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limit is just slightly less than the yield strength), the value might 
not be so limited when dealing with joints of high-strength alloy 
steels or lightweight alloys (materials for which the endurance 
limits are well within the elastic range). 

The problem of the determination of the stress distribution in 
a plate loaded through a pin in a hole in the plate has been treated 
mathematically, notably by Bickley and Knight (3, 4). Bickley 
confined his treatment to a plate of infinite width, assuming 
various expressions for the nature of the distribution of forces 
between pin and plate. Knight considered only one set of bound- 
ary forces on the hole but extended his solution to cover plates of 
finite width giving specific results for the case of a plate having 
a width twice as great as the diameter of the hole. Published re- 
sults of experimental studies of this problem seem to be very 
meager. Coker (5) reports the results of a photoelastic investiga- 
tion on one specimen 18 X 6 X 0.157 in. in which the load was 
applied through a neat-fitting pin of 0.766 in. diameter. The 
results of an investigation of a specimen of different proportions 
are credited to Stoltenburg (6). 


Tests INVOLVING StrRAIN-GAGE MEASUREMENTS 


The tests made using the strain-gage method employed a 1-in- 
thick plate of high-strength aluminum alloy of the duralumin type 
and an 8-in-diameter pin. To obtain different ratios of pin 
diameter to plate width, the plate was decreased in width in suc- 
cessive steps from its original value of 55 in. to a final width of 
12 in. Fig. 1 shows the test setup when the plate was 55 in. 
wide. The original head distance H of 20 in., shown in Fig. 2, 
was maintained until the final test with the plate 12 in. wide. 
For this test the head distance was reduced to 12 in. 

Strains in the immediate vicinity of the hole were measured 
with Huggenberger tensometers of !/, in. gage length. Strains 
at other locations in the plate were measured with tensometers 
of 1 in. gage length. In the vicinity of free boundaries, strains 
were measured in directions parallel to and normal to the bound- 
ary. Elsewhere strains were measured on three or more intersect- 
ing gage lines. Because of the finite gage length and width of 
knife-edges of the instruments, it was impossible to obtain a 
direct measure of the maximum unit strains occurring at the edge 
of the hole. These values were obtained by extrapolation of 
curves constructed from measured values. 

In the tests involving the strain-gage method, some tests were 
made using a steel pin, while in other tests the pin was of the 
same material as the plate. In most of these tests the pin was a 
neat fit in the hole, the diameter of the pin and hole being the same 
within 0.0005 in. In other tests a pin was used which had a 
clearance of 0.015 in. on the diameter. Several tests were made 
with neat-fitting pins to study the effect of lubrication of the pin 
on the factor of stress concentration. A colloidal-graphite grease 
was used as the lubricant. 

Stress-concentration factors have been determined for each test 
as the ratio of the maximum tensile stress at the edge of the hole 
to the average stress on the minimum net section of the plate. 
These factors have been plotted in Fig. 2. 
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PHOTOELASTIC RESULTS 1 The ratio of the diameter of the hole to the width of the 
rin 
In the photoelastic investigations the models, both plate and plate “hie ia 1 the hol and 
pin, were of bakelite BT-61-893. The pins or bushings were rein- 2 con 
forced with a steel core and the load was applied through a clevis tig 1e ratio of the head distance to the width of the plate pho 
which made it possible to obtain a clear stress pattern of the (H/ A ivi h ‘al load tl i ‘eal I 
highly stressed regions around the hole. Fig. 3 shows the test two placed hea 
setup in which the clevis used for tests involves two pins, A Pins of equal diameters. ; the 
typical stress pattern is shown in Fig. 4 Factors of stress concentration have been calculated directly th 
" The specimens used in the photoelastic investigation had a from the data furnished by the stress pattern in the usual man- : 
nominal thickness of !/, in. Dimensions of the specimens were €T Using obts 
chosen so that the influence of the following four factors on the — Mmax F fact 
stress-concentration factor could be studied: P/A pin 
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fringe order, F is the model fringe value, P is the applied load, 
and A is the minimum net area through the hole or holes. Stress- 
concentration factors thus determined for each of the cases 
photoelastically investigated are plotted in Fig. 5. 

In the test in which the plate was loaded through two pins, the 
head distances H were great enough so that they did not influence 
the stress-concentration factors. The diameters of the pins in 
the double-pin tests were taken equal to the radius of the single 
pin used for a plate of the same dimensions. The results thus 
obtained and shown in Fig. 5 provide a comparison between the 
factors of stress concentration for the single-pin and the double- 
pin tests under conditions of constant ratio of bearing to mean 
tensile stresses. The factors shown in Fig. 5 for the double-pin 
tests have been plotted against ratios of 2r/D, in which r is the 
radius of the equivalent single pin for the same ratio of bearing to 
mean tensile stress. Several tests were made in which the dis- 
tance between the centers of the pins was varied and this dis- 
tance was found to have no effect on the factor of stress concen- 
tration. Further tests would be necessary, however, in order to 
determine fully the influence of the distance between the pins on 
the value of k. 


SuMMARY AND Discussion or RESULTS 


1 Effect of 2r/D Ratio. As can be seen in Figs. 2 and 5, there 
is a definite relationship between the stress-concentration factor 
and the ratio of hole diameter to width of plate. 


For a 2r/D 
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ratio of 0.7, the stress-concentration factors are in the neighbor- 
hood of 2. The factors increase as the ratios 2r/D decrease, being 
in the region of 6 to 8 when that ratio is 0.15. The spread in the 
stress-concentration factors shown for a given ratio of 2r/D is 
largely caused by the effects of the clearance between the pin and . 
the hole, and the head distance. 

2 Effect of Clearance Between Pin and Hole. Both investiga- 
tions show that the factors of stress concentration are increased 
by the presence of clearance between the pin and the hole. This 
effect was evidenced throughout the whole range of 2r/D ratios 
from 0.086 to 0.76, as can be seen in Figs. 2 and 5. The effect 
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of the clearance is associated with head distance, being greater 
for the smaller ratios of H/D. For instance, for a 2r/D ratio of 
0.76, a stress-concentration factor of 1.9 was determined photo- 
elastically for a neat-fitting pin, both when the head distance 
ratio (H/D) was 0.7 and 1.9, as shown in Fig. 5. Similarly, in 
the investigation involving the oversize aluminum specimens at 
a 2r/D ratio of 0.067 in Fig. 2, the introduction of clearance in- 


creased the stress-concentration factor about 35 per cent when 


the H/D ratio was 1.67, while for an H/D ratio of 1.00 the in- 


crease was about 50 percent. The effect of clearance on the maxi- 


mum stresses has also been observed on previous occasions 
(7, 8, 9). This effect can be explained on the theory that it per- 
mits sharp local changes in the curvature of the circular boundary 
of the hole. 

From the noted description of the points plotted in Fig. 2, it 
can be seen that for the tests in the investigation involving strain 
measurements, in which there was clearance between pin and hole, 
the maximum stresses did not always occur at the ends of the 
horizontal diameter. However, in every case involving neat- 
fitting pins, the maximum stresses did occur at the ends of the 
horizontal diameter. This same effect of the clearance of the pin 
on the location of the maximum tensile stress at the edge of the 
hole was noticed in the photoelastic investigation. 

As might be expected, while the relation between maximum 
stress and load was practically linear for the cases involving neat- 
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fitting pins, for the tests in which the pin was smaller than the 
hole, the stress-concentration factor was somewhat higher for 
the smaller loads. This effect is demonstrated by the two values 
shown in Fig. 2 for a 2r/D ratio of 0.145 and the steel pin with 
_ 0.015 in. clearance. The same relation between load and maximum 
stress was encountered in the photoelastic tests. The variations 
in Stress-concentration factors with the load for the cases involv- 
ing clearance on the pin were small compared to the differences 
between the factors for the loose pin and the neat-fitting pin. 

3 Effect of Head Distance (Ratio of H/D). Fig. 6 shows a 
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‘composite of the values of & for neat-fitting pins obtained from 
both investigations, as well as the results of other investigators, 
both theoretical and experimental. In this figure the effects of 
clearance have been eliminated but the effect of the head distance 
on the factors of stress concentration has been emphasized. As 
the ratio of H/D decreases, the maximum stress and consequently 
the stress-concentration factor increases. Thus at 27/D = 0.15, 
k equals 6.5 when H/D = 0.5 and k equals 7.3 when H/D = 
0.35. The results of the photoelastic investigation indicate that 
the effect of the head distance decreases with increasing ratios 
of 2r/D. Beyond a certain value of H/D, an increase in head dis- 
tance has little effect. For a 2r/D ratio of 0.76, two specimens 
were found to have the same factor of stress concentration (for the 
case of a neat-fitting pin) for an H/D ratio of 1.9, as for an H/D 
ratio of 0.7. This behavior is not entirely substantiated by the 
results of the strain-gage measurements on the oversize aluminum 
specimens. In this investigation, for a neat-fitting pin and a 
2r/D ratio of 0.667, a stress-concentration factor of 1.65 was 
determined for an H/D ratio of 1.67, while the corresponding 
value for an H/D ratio of 1.00 was 2.1, as shown in Fig. 6. 

4 Effect of Number of Pins. The results of the photoelastic 
investigation in Fig. 5 show that the stress-concentration factors 
are smaller when the load is equally distributed between two 
symmetrically situated pins than when the plate is loaded through 
a single central pin of a diameter equal to the sum of the diameters 
of the two pins. The few tests of this type made indicated de- 
creases in the factor of stress concentration of about 20 per cent 
as compared with corresponding values for plates loaded through 
a single pin. 

5 Effects of Material of Pin and Lubrication. The tests made 
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on the aluminum specimens, the results of which are shown in 
Fig. 2, indicated a very slight increase in the maximum stress 
when the neat-fitting aluminum pin was replaced by a steel pin 
having the same fit. Lubrication of the pin produced a small but 
measurable decrease in the values of k. 

6 Factors of Stress Concentration Based on Average Bearing 
Stresses. In Fig. 7 are shown values for a stress-concentration 
factor k, defined as the ratio of the maximum tensile stress at the 
edge of the hole to the average bearing stress on the pin. The 
same data given in Fig. 6 have been replotted in this manner in 
Fig. 7. In addition, two points are shown representing the values 
determined by Bickley (3) and Knight (4) for the case of a hole 
in an infinite plate. The curve shown in Fig. 7 falls below the 
plotted points in the region of small 2r/D values, because these 
points represent the results of tests in which the maximum 
stresses were influenced by the head distance, as shown in Fig. 2. 
The curve of Fig. 7 indicates that for all cases of a plate loaded 
through a neat-fitting or loose pin in a hole in the plate, the maxi- 
mum tensile stresses at the edge of the hole will be greater than 
the average bearing stress on the pin. 

7 Agreement Between Results of Strain-Gage and Photoelastic 
Investigation. Perhaps one of the most important aspects of 
this paper lies in the agreement between the results of the photo- 
elastic tests, and those obtained from the strain measurements 
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on the oversize aluminum specimens. This agreement can & 
seen in Fig. 6. It is shown by the theory of elasticity that » 
multiply connected bodies such as considered here, the stres 
distribution is affected by the value of Poisson’s ratio. It hs 
been stated, however, that this effect is practically negligib® 
(3, 4). The present results are believed to offer convinci 
experimental evidence for this statement. As can be seen © 
Fig. 6, the stress-concentration factors determined by the tv 
methods are in very good agreement for small values of 2° D 
For values of 2r/D of 0.5 and greater, the values obtained from 
the strain measurements are slightly lower than correspondiné 
values obtained photoelastically. The slight differences & 
countered in these investigations, between the stress-concent™® 
tion factors obtained for the aluminum and the bakelite sper 
mens, are in the opposite direction to that which theory indicat® 
as the effect of a difference in Poisson’s ratio values of the 
materials. 
The problem of the stress distribution in riveted joints 8% 

similar allied problems are becoming increasingly important ani 
merit further study. 
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The Distribution of Load on the Threads 


of Screws 


By J. N. GOODIER,? ITHACA, N. Y. 


The distribution of load on the threads of screws and 


the types of deformation affecting it have been investi- — 


gated by means of extensometer measurements made on 
the outside of the nut. The types of deformation charac- 
teristic of concentrations of load on different parts of the 
thread were found by using a bolt carrying only a single 
turn of thread. At low loads the deformations of nuts 
with complete bolts closely resemble the effects of the 
artificial concentration of load on the base part of the 
thread, whereas there are marked contrasts with the ef- 
fects of loads concentrated at the middle or at the free end. 
At higher loads a more uniform distribution is indicated. 
Similar conclusions follow from the application of an ap- 
proximate method for deducing the distribution from the 
deformation measurements. 

It is shown that the distribution is governed by (a) 
stretch and compression in bolt and nut, respectively, 
which are primarily responsible for concentration at the 
base; and (6) by bending of the thread, circumferential 
stretch (at the base), and contraction (near the free end) 
of the nut wall, which have comparable effects in reducing 
the concentration. 


T IS well known that the thread of a screw connection does not 
bear its load evenly. The supposition that it does so leads 
at once to a contradiction. For, in the case of a nut and 

bolt, the bolt would be everywhere in tension, and would stretch, 
whereas the nut would be in compression, and would contract. 
If the threads fitted before loading, they could no longer be in 
complete contact afterward. 

The opinion generally held is that the load is concentrated 
toward the base of the nut. Evidence has been drawn from 
modes of failure (1, 6),* from the deformation of plane rubber 
models (1), and from photoelastic observations, also on plane 
models (2,3). Ofthe latter, however, one (2) showed concentra- 
tion at the free end. 

The thread may be regarded as a cantilever ‘‘gallery” built 
into the wall of the nut or the core of the bolt. It will bend under 
load, and the relative displacements so caused can be roughly 
estimated by means of beam formulas. They are found to be of 
the same order of magnitude as those due to simple stretching of 
the bolt and compression of the nut. It might then be supposed 
that this bending could take up the gaps due to the stretching 


1 This paper was prepared during the author’s tenure of a Research 
Fellowship in Applied Mechanics at the Ontario Research Founda- 
tion. Most of the observations were made by A. D. Hogg, then a 
bursar of the National Research Council of Canada. 

2 Professor of Mechanics, Cornell University. Mem. A.S.M.E. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the Annual Meeting, Philadelphia, Pa., December 
4-8, 1939, of Tae AmerRIcAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1940, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norr: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and contraction. Den Hartog (3) and Jaquet (1) have given 
solutions of the problem of elasticity so defined, and both have 
found severe concentration of load at the base, one case showing 
a maximum load intensity nine times the average. All but a 
short base part of the thread is then of course practically free 
from load. The thread of an actual nut under such conditions 
would evidently yield at low loads and so modify the distribution. 
In view of the rather radical differences between a nut and bolt, 
and a plane model, and on the other hand of the neglect in the 
theoretical work of types of deformation other than elastic thread 
bending, and simple stretch or contraction in bolt core or nut 
wall, it appeared desirable to make an investigation based on ob- 
servation of actual nuts and bolts. Since any direct measure- 
ment of load intensity along the threads seemed impracticable, 
external deformations of the nuts were examined, and the char- 
acter of the load distribution inferred from them. To simplify 
the relation, the nuts used had their hexagonal corners turned off 
to render the system approximately symmetrical about its axis. 


Tue Rapiat DISPLACEMENT 


The curves shown in Figs. 1 to 4, inclusive, represent the meas- 
ured radial displacements » of points on a generator of the ex- 
ternal cylindrical surface, for various 1'/,-in. specimens and 
loads of 8000, 15,000 (25,000 in Fig. 3), and 50,000 lb. They indi- 
cate, therefore, in exaggeration, the actual deformed profile. 

The full-line curves shown in Fig. 5 are similar, except that the 
bolt used carried only a single turn of thread, the rest being turned 
off. It thus produced an artificial concentration of load wherever 
it was placed. It was set successively at the free end, middle, and 
base of the nut. It will be observed that the resulting curves 
are markedly different. Only that for the base position resembles 
those of Figs. 1, 2,3, and 4. It appears then that in actual nuts 
and bolts there is little load at the free end or middle, but a con- 
centration at the base, the concentration being less marked at the 
higher loads. 

If there were a uniform distribution of load we should expect 
the curve to resemble the average of the three full-line curves o! 
Fig. 5, which is drawn with a broken line. The influence of the 
free-end (top) load appears in the curvature, concave to the left, 
toward the top of the nut. None of the curves obtained with 
complete bolts show such curvature. 

The loads on the middle and top together have the effect 0! 
raising the point at which the average curve crosses the ax 
(v = 0). Not all the curves of Figs. 1, 2, 3, and 4 cross the axis 
but in those which do, increase of load raises the point of inter 
section, indicating a more uniform distribution. 


The radial displacement at any given point is not proportion! f 


to the load. At the base it is less than the proportional value # 
the higher loads, and this is to be expected if the higher loads s* 


less concentrated at the base. However, the same kind of 4 F 


parture from proportionality occurs for the single-thread bolt 
where the cause cannot be redistribution. It seems proball 
that it is varying friction at the base. 


Tue AxtAL DISPLACEMENTS 


A typical set of curves for three loads is shown in Fig. 6, whi 
the set obtained with the single-thread bolt in three positions* 
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STANDARD THREAD, SECOND SPECIMEN 


shown in Fig. 7. It will be observed that there are no such strik- 
ing differences for these different positions as were found in the 
case of the radial displacement. 


INSTRUMENTS 


Measurements of » were made with the mirror extensometer 
j shown in Fig. 8 which was designed for this purpose. It is essen- 
| tially a modification of E. H. Lamb’s (4) roller extensometer for 
| lateral measurements. That instrument has a movable block 

Separated from the “fixed” member by steel balls in grooves and 
) fine rollers the rotation of which is observed optically; the mov- 


‘ able block takes the displacement to be measured. In the 
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THREAD 


modification, the movable block B, shown in Fig. 8, is attached to 
the fixed member by arch springs which simplifies construction. 
Tilting of the block during displacement, due to inequality of the 
springs, is allowed for by providing mirrors and their optical 
levers at each end of the rollers. The rotation of each end is thus 
measured separately. The rollers were about 5 in. between 
grips and 0.04 in. diameter, so that any slight difference between 
the end rotations could easily be accommodated by torsion. 
The average of the two measurements gives the translation of 
the block. 

The axial displacements u were measured with a Martens ex- 
tensometer, one end of each comparison strip being mounted on 
a light dummy cylinder continuing the nut surface, but attached 
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to the nut at two points only, so that it showed no axial strain 
within its own length on loading the nut and bolt. 

Observations were recorded only after a number of preliminary 
loadings, sufficient to reach a steady loading-unloading cycle. 
The instruments were moved from one position to the next, up or 
down the nut, while a load remained to prevent shifting of the 
nut. Loading was then repeated three or four times in each posi- 
tion to confirm the steady state. 


or Loap DistrisuTion From DEFORMATION 


Even when yielding has occurred at the root of the thread, tae 
major part of the nut wall is still elastic. We may therefore 
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regard the nut wall as an elastic hollow cylinder loaded by th 
internal forces exerted by the thread, and supported by 8 bas 
reaction. The distribution of load on the thread will be know 
if the average axial stress P over the wall thickness at any cros 
section is known. Clearly, if the thread load were uniform 
distributed, this average stress would increase linearly from th 
top (where it is zero) to the base. 
The expression for P in terms of u and v is 


P=— {ene [Smitu + (K — Lm,*)v] e~™* dz 
— + (K — Lm,*)v] dz 


+ S(m,? — + Sw(du/dz) + Be™* + ce™ 


— 


The derivation, and the values of the coefficients, are given 
Appendix 1; B and C are constants of integration to be adjus 
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€ tomake P take the required values at the free end (zero) and the 


base, 

This relation was tested by applying it to the u and v curves 
obtained with the single-thread bolt. In that case the value of 
P should be zero from the top as far as the loaded thread of the 
; te then take within the space of this thread the full value (the 
} ad divided by the cross-sectional area of the wall), and retain 
+ this value down to the base. 

The results actually obtained are shown in Fig. 9. In view of the 


most discontinuous character of the loading, and assumptions 
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involved in Equation [1], the indications of Fig. 9 are surprisingly 
good. Approximate true curves are shown as broken lines. 

Curves for several nuts with ordinary bolts, calculated from 
Figs. 1, 2, 3, and 4 by means of Equation [1], are shown in Figs. 
10, 11, 12, and 13. Comparison with Fig. 9 leaves no doubt 
that there is no concentration of load at the top or middle. While 
the method is evidently not sufficiently accurate to determine the 
actual distribution, especially at the lower loads, it indicates sub- 
stantially uniform loading at 50,000 Ib, and a tendency to con- 
centration at the base for the lower loads. The average stress in 
the bolt core at 50,000 lb is 56,000 Ib per sq in., and at 8000 lb it 
is 9000 lb per sq in. The steel used was Bessemer screw stock 
S.A.E. 1112 with a yield point at 80,000 Ib per sq in. 
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° \ contributes to du,/dz an amount P/E. We may represent the ff | 
* order of magnitude of this by its greatest value. | to 
™ \ The bending of the thread as a cantilever depends on the load fF loa 
Pe +4 9 per unit run of thread. From zto z + éz there is a length 2xnréz 
\\ 7 N where n is the number of turns of thread per unit axial length 
= ly and r their mean radius. The axial load carried corresponds to 
QD % \ the increase in P and is A(dP/dz)éz, where A is the cross-sectional 
= osteo area of the nut wall. The axial load per unit run of thread is 
\ \ thus (A/2xrnr)(dP/dx), and the deflection is 8(A/2xnr)(dP/dz), 
= os|—¢ \ a 5000 1b8 where 8 is an elastic coefficient depending on the shape and ma- 1 
6 \ \ a terial of the thread. The contribution to du,,/dz is the derivative - 
Sastetet of this, or (8A /2mnr)(d2P/dz?). the 
3 \ 
a \ LBS 
os + Ii 
\ ‘\ \ but 
type 
° 20 es 35 45 so sens 
FORCE TRANSMITTED Jaq 
Fie. 13 or P ror 1!/¢In. Acme Nout Orpt- 
NARY Bout, CaLcuLATED F Rom Fia. 4 The 
Types OF FLEXIBILITY AFFECTING THE LoapD DisrRiBUTION mod 
‘1G. 14. THreap RECESSION has | 
The deformation as a whole may be resolved into the following R 
three principal types: (a) Axial contraction of the nut wall and In order then to estimate the contribution of type (6) directly the | 
extension of the bolt core; (b) bending of the two threads as canti- we should require an estimate of d?P/dz*, but such an estimate wan 
levers; and (c) circumferential stretch of the nut wall. The cannot be made without an accurate knowledge of the load dis Si 
curves in Figs. 1, 2,3, and 4 enable us to estimate the relative im- tribution. The contribution can however be estimated indirectly. dene 
portance of these types in governing the load distribution, and If the distribution were determined entirely by the flexibilities poesi 
thus to judge the probable value of modifications designed to (a) and (b), their contributions would necessarily be of the same re 
reduce the concentration. order of magnitude. Since the actual distribution is certainly ayer 
The axial contraction of the nut, and the antagonistic exten- more uniform than it would thus be, we shall be overestimating ing n 
sion of the bolt within the nut, have to be reconciled by means of _ rather than underestimating the effect of the thread bending if Th 
other types of deformation, since thread contact requires the we assign to it the same order of magnitude as to axial strain, nena 
same deformation of nut and bolt along the bearing surfaces of that is, P/E. maki 
the two threads. Type (a) is thus primarily responsible for the The contribution of circumferential stretch divides into two a 


concentration. In fact it may be shown that by itself it would parts, in the case of V or acme threads. If we imagine a point the f 
cause complete concentration on an infinitesimal length of thread of contact between the two threads, then allow the nut thread hones 
at the base; or a concentration at each end of the thread in the to move radially outward by a distance v, shown in Fig. 14, it # 
case of the turnbuckle type of screw connection. clear that this movement creates a vertical gap v tan a betweel deflec 

The calculations of Den Hartog (3) and Jaquet (1) show that the two threads. If v were uniform from top to bottom of the In th 
thread bending is adequate to change this to a smooth distribu- nut, the bolt would merely have to descend bodily the distance butio: 
tion although still with a severe concentration at the base. Cir- v tan @ in order to reestablish contact. But if v should not b but » 
cumferential stretch of the wall, as will appear, has an effect simi- uniform, contact could not thus be made along the whole thread. F ble ie 
lar to that of thread bending. It creates effectively an axial The effect of a nonuniform v is evidently expressed by a contribt- 
tensile strain at the threads, offsetting the compressive strain in tion tan a(dv/dx) to du,/dz. The order of magnitude of this # 
the nut wall. The types (b) and (c) thus moderate the extreme _ easily estimated from the v curves of Figs. 1, 2, 3, and 4. It wil 


concentration due to (a). be referred to as “thread recession.” It is partly due to the lat Tr 
In comparing the effects of these different types of flexibility eral expansion accompanying the compressive axial stress, 4% | — 

we may suppose that the thread of the bolt is in contact with partly to the radial component of the thread load. : To. 

that of the nut along the helical middle lines of the active thread The other effect of the circumferential stretch, or radial d* > tion 7 

surfaces. Let wu, denote the axial displacement of a point of this placement, comes from the axial curvature involved, a strip of thf — sectioy 


line on the bolt thread, at a distance z from the base, and let u, nut between two neighboring planes through the axis being in th | the ax 
be the displacement of the corresponding point on the nut thread. condition of a bent beam with curvature d%/dz*, The contrib} — not ~ 
The condition of contact is expressed by du,/dx = du,/dz. tion to du,/dz corresponds to the tensile strain, in such a beat posed | 
All types of flexibility which contribute significantly to either of points at a distance s from the neutral axis, where s M8Y "> © gectioy 
of these two derivatives, that is, to the relative axial displace- taken as the distance from the middle of the thread to the midde Ais t] 


ments of points on one thread or points on the other, under the of the nut wall. Its magnitude is then sd*v/dz’. > the th, 
actual load distribution, are important in determining the dis- The curves of Figs. 1, 2, 3, and 4 are sufficiently well defit®} 7 9, (A 
tribution. by the observed points to permit a satisfactory estimate of the ar 


Considering the nut only, it is clear that flexibility of type (a) order of magnitude of d*v/dz?. 4 
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Estimating the orders of magnitude of these four contributions 
to du,/dz in the ways indicated, for the 1!/,-in. nuts, and for a 
load of 15,000 lb,‘ we have the values given in Table 1 


TABLE 1 


Order of magnitude of effect on load distribu- 
tion, measured by contribution to dun/dz 
30 X 10-5 
30 X 10-5 
up to 50 X 1075 
up to 40 X 1075 


Type of flexibility 
(d) Simple axial strain 
(e) Thread bending 
({) Thread recession 
(g) Wall bending 
The conclusion is therefore that all four effects given in Table 1 
are about equally important. The first type of flexibility being 
the real source of concentration, and the other three being moder- 
ating influences, the actual distribution, even without any yield- 
ing at the roots of the threads, will be considerably more uniform 
than that determined by neglecting types (f) and (g). 


MEANS FOR REDUCING THE CONCENTRATION OF LOAD 


It is evident that any modification which increases any of the 
types of flexibility (e), (f), or (g) will have a favorable effect. 

Any reduction of wall thickness will be effective in this way, 
but it will at the same time increase the undesirable flexibility of 
type (d). The bending flexibility, however, is likely to be more 
sensitive to reduction of thickness than the axial compressibility. 
Jaquet (1) describes a modification of the usual thread, due to 
J.R.Solt, in which the thread is undercut into the wall, so that the 
thread depth is increased at the expense of the wall thickness. 
There is then a gain of flexibility of all four types. Another 
modification, essentially a reduction of wall thickness at the base, 
has been tested in fatigue by H. Wiegand (5). 

Reduction of friction between thread and thread, and between 
the base of the nut and its support, should improve the distribu- 
tion by permitting more radial expansion. 

Since the axial bending of the wall must be influenced by the 
clamping of the base of the nut against its support, there is a 
possibility of improving the distribution by rounding the base of 
the nut, so that its contact with the base is over a circle instead of 
awide annulus. There would then be an approach to zero bend- 
ing moment M, (see Appendix 1), at the base. 

The bending flexibilities of types (f) and (g) can be somewhat 
increased, without increasing the axial compressibility (d), by 
making axial cuts into the wall of the nut from the outside. 

Increasing the fineness of the thread would appear to decrease 
the favorable flexibility of type (e), for geometrically similar 
beams have the same deflection per unit width and unit load, and 
since the finer thread has the greater ‘‘width” (helical length), its 
deflections would be smaller under the same load distribution. 
In the expression (8A /2xnr)d?P /dx?, which measures the contri- 
bution of this type of flexibility to du,/dz, 8 remains the same, 
but n, the number of turns per inch, is greater, so that this desira- 


ble contribution is reduced. 


Appendix 1 


Tue Loap on THE THREAD IN TERMS OF THE EXTERNAL 
DEFORMATION OF THE Nut 


To obtain the relation in question we may consider the condi- 
tion of an element of the wall of the nut contained between cross- 
sections z and x + 5x from the free end, and by two planes through 
the axis including an angle 30 as shown in Fig. 15. The thread is 
hot included in this element. The forces acting on it are sup- 
Posed transferred unchanged to the internal wall surface. At the 
section x there will be an average compressive stress P, so that if 
A is the cross-sectional area, AP represents the load carried on 
the thread above the cross section. Then [d(AP)/dzx]5x(50/27x) 
or (A/2m)(dP/dz)éx80 represents the vertical component of 


The relative orders of magnitude are similar for other loads. 
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thread load on the element. The actual force on the thread will 
also have a horizontal radial component, tan (a — ¢) times this 
vertical component, if a is the semiangle of the thread and ¢ is 
the angle of thread friction. 

The forces exerted by the thread on the inner wall of the nut 
are statically equivalent (approximately) to the pressures on the 
thread. Thus, we may place the thread forces on the element at 
their actual position as if the thread were there, as is done in 
Fig. 15. 

Let the axial stress form, in addition to the average stress P, 
a bending moment M, per unit length of mean circumference, 
positive in the sense shown in Fig. 15. There will also be radial 
shearing force F per unit of mean circumference. 


Fie. 15 Exement or a Nut 


On the faces in the axial planes there will be an average tensile 
stress 7’, and a bending moment M,, positive as shown, per unit 
axial length. We assume symmetry of the stress and strain about 
the axis, so that there will be no shearing force. 

The equations of equilibrium of the element are then 


dP aF 

T = ptan (e— 9) 
pa 
Qh dz dz 


where p is the mean radius, 2h the wall thickness, and s the radial 
distance between the load line on the thread, and the middie sur- 
face between walls. The neutral axis of bending for the element 
is taken at the mean radius. 

Eliminating F 
dP 
dz 

The curvature of generators of the cylindrical surfaces may be 
ascribed to both bending moment M;, and shear F. If we con- 
sider the complete ring between z and x + 4a, it is clear that the 
deformation due to F will not alter the circumferential curvature 
appreciably. If M2 were wholly due to the prevention of the anti- 
clastic curvature of M,, we should have M; = oM,, where g is 
Poisson’s ratio, neglecting the difference between the shapes of 
the elementary areas on which M;, M; are found. 

A radial displacement v of the mean radius p involves a change 
v/p* in the circumferential curvature. But there is a radial dis- 
placement due to P alone of amount oPp/E, where E is Young’s 
modulus, and thus a change of curvature oP/Ep. Thus M; must 
prevent the anticlastic curvature of M,, and in addition produce 
curvature v/p?— oP/Ep. Hence 


2 v o 
M, = oM, + 3 (: 


@P 


T = p tan (a — ¢) —.— — — 
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a linear distribution of axial stress across the wall thickness being 
assumed. 
The stress-strain relations for an element on the outside wall 


are 
3M, E [au 
[4] 
du 


where u is the axial displacement relative to and toward the base, 
zx being measured upward from the base, and b is the outside 
radius. 
Now, Mi, My, and T can be eliminated from Equations [2], 

[3], and [4], the result being 

d?P dP 

where 


: 
p s— sh 


G= 
sh 
and 
20+) 


The solution of Equation [5] is 


{ems e-™= f(x)dx — ome f f(x)dx 
— ™ 0 


+ Be™? + come 


P= 


where m; and m; are the roots of r? + Gr + H = 0, and B and C 
are arbitrary constants. The function f(z) involves the deriva- 
tives d*v/dz? and d*u/dz*. It would of course be impossible to 
derive these satisfactorily from the observations, but they can be 
removed by partial integrations, the final form for P being given 
by Equation [1]. 

The constants appearing in that equation are as follows 


wo =m 
1 E poh 
1 ph 
3 
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There are no surviving derivatives of u and v except du/dz, 
which was obtained by graphical differentiation. The integrals 
were evaluated from the u and »v curves by Simpson’s rule, and 
the constants B and C adjusted to make P take the required free 
end and base values—zero and the full-load value, respectively. 
The coefficient of friction, involved in m, and m, was measured 
by turning the nut or the bolt, under small loads, and found to 
be about 0.3. It is assumed in the analysis of course that fric- 
tion has its limiting value throughout. 


Appendix 2 


CONCENTRATION OF LOAD AT THE BASE, AND SAINT-VENANT's 
PRINCIPLE 


If the base of the nut is taken as fixed, the strain energy of nut 
and bolt above the base is represented by the work of the stress 
in the base cross section of the bolt, acting over the displacements 
in that section. The edges being fixed, through thread contact 
at the base of the nut, these displacements consist of a deforma- 
tion of the section. 

The stress is of order of magnitude P, the average tensile stres 
of the bolt. The elastic strains (including those of the threads 
since thread strength and bolt strength are comparable) are o/ 
order P/E, and consequently the displacements in the base see- 
tion of the bolt are of order Pr/E where r isthe radius. The work 
done on these displacements will thus be of the order of the re 
sultant Pxr? multiplied by Pr/E, or P?xr3/E. 

Where the stress is appreciable it is of order P and involve 
strain energy of order P?/E per unit volume. The work actual); 
done, P*xr?/E, is then adequate for a volume of order r', o: 
for a distance of order r from the base, whatever the length of th 
nut. 

This argument! is substantially an application of Saint Ver- 
ant’s principle to the portion of the nut and bolt above th 
base, the forces on the complete base section forming a sel’ 
equilibrating system. 


5 The Principle of Saint Venant in its usual form may be esta> 
lished in a similar way (Philosophical Magazine, April, 1937, s0 
August, 1937). 
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Stresses and Deflections of Three-Dimensional 


Pipe Bends 


By H. PORITSKY! anv H. D. SNIVELY,? SCHENECTADY, N. Y. 


Many treatments of stresses of three-dimensional pipe 
bends have appeared in recent times.** While the calcu- 
lation of these stresses and deflections is perfectly straight- 
forward, it is still very complicated. It is believed that the 
analogy to which attention is called in this paper should 
be of considerable assistance in simplifying these calcula- 
tions by pointing out their similarity to familiar dynamical 
concepts involving products and moments of inertia and 
moments of momentum. 


TRACTIONS AND DISPLACEMENTS OF A CuRVED BEAM LOADED 
TERMINALLY 


ONSIDER a curved beam. Suppose that there is no load 
C on the beam throughout its length, but that it is sub- 

jected to tractions over its ends. Let s be the arc length of 
(the middle line of) the beam and let s;, s; correspond to its two 
ends P;, P;. At a point P corresponding to any value of s, let 
F be the resultant vector force and M the vector moment of the 
traction which is exerted by the portion of the beam to the posi- 
tive side of the section (corresponding to larger s) upon the por- 
tion to its negative side. The moment M is calculated with 
respect to the center of gravity of the cross section of the beam. 
Applying equilibrium conditions to the beam section between P; 


and P, there results 


F = F,, M = M, + (F; Xr) {1] 


where r is the radius vector P,P and F;, M, are the resultant force 


_ and moment of the tractions at P). 


These tractions produce a certain distortion and displacement 


_ which result in a motion of one end of the pipe relative to the 


other one. In fact, it is the displacement of one end relative to 
the other one that is sometimes the cause of the whole set of 
forces. In order to calculate this displacement, it is assumed, 
as is common in the theory of thin beams, that the effect of the 
compressional or shear components of the resulting traction F is 


: negligible in producing distortions and displacements as compared 
_ with the effect of the moment M. This moment may be resolved 
) long the tangential direction as well as along the two principal 


moment directions of the normal section. The first component of 
the moment is a twisting component which tends to produce 
torsion in the pipe; the other two components are bending com- 
ponents. If 6,, 82, 83 represent the twisting and bending flexi- 
bilities of the pipe along its tangential and principal moment 
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normal directions, respectively, and if m, me, ms, represent the 
components of M along these three directions, then the vector 


R= (Bim, Boma, Bsms) [2] 


represents the rotation per unit length of pipe; thus, multiplied 
by ds, it yields the rotation of the section at s + ds relative to 
the section at s. The sense in which Rds represents the rotation 
is that the rotation axis points along R while the magnitude of 
the angular displacement is equal to the length of this vector. 
In representing rotational displacements of space by means of 
vectors in this fashion, it must be borne in mind that this is only 
correct when the displacements are small. This, however, is the 
usual assumption made in elasticity and it will be adhered to 
throughout this paper. 

Suppose now that the three flexibilities are equal one to the 
other and are represented by 8; then 


The latter need not be assumed, however, to be constant over the 
whole pipe length. The flexibilities for a pipe of circular cross 
section are 6; = 1/GJ, 82 = 8; = 1/EI, where E is Young’s 
modulus, G is the shear modulus, J is the polar moment of inertia 
of the cross section, and J is the plane moment of inertia about a 


diameter. Since 
E 
it will be seen that for a circular pipe 
Bi 
[5] 


The assumption of Equation [3] is therefore not too erroneous for 
a circular cross section. 

Under the assumptions of equal flexibilities the rotation vector 
may be replaced simply by 


where R is the rotation per unit length. (Compare Equation 
[6] with the familiar beam equation, y” = M/EI.) 

Consider next the displacement of the beam (center line) which 
occurs as a result of the rotation implied in R. If the end s; is, 
for definiteness, held fast, then various sections will suffer both 
rotational and translational displacements relative to this end 
section. In particular, the end s, will have a net angular rota- 
tion relative to s; represented by the rotation vector 


since the resultant rotation vector due to several rotations along 
different axes may be obtained by vector addition of the indi- 
vidual rotation vectors irrespective of where they are located. 

The translation of the end s; relative to the end s, is (again on 
the assumption of small displacements) given by 


nal 
) 
nts 
ids 
Ive: 
all 
Ver- 
sei! 
N.G 
, 
rains 
1923, 
2 


A-18 


In Equation [8] the origin of r has again been assumed to be at 3). 

The foregoing formulas allow the computation of the displace- 
ment of one end relative to the other one to be carried out in a 
straightforward manner. While the calculation is simpler than, 
say, by means of Castigliano’s theorem, it is still fairly complex. 
It is the object of the following portion of this paper to point out 
an analogy between the foregoing discussion and a simple problem 
in dynamics of rigid bodies which can be used to simplify the 
problem and reduce it to more familiar terms. 


ANALOGY BETWEEN THE BEAM PROBLEM AND A DYNAMICAL 
PROBLEM 


To formulate this analogy, consider the state of velocities 
existing at any instant during the general motion of a rigid body, 
as shown in Fig.1. Ina translation the velocities are everywhere 


Fig. 1 


equal to the same vector which may be used to represent the 
translation. In a rotation about an axis through the origin, the 
velocities are given by 


.. [9] 


where W is the “rotation vector,’ that is, the vector whose 
length is proportional to the angular velocity of rotation and 
whose direction is along the axis of rotation and is chosen so that 
a right-handed screw rotating in the sense of the rotation under 
consideration will advance along the direction of the vector. 

It may be shown that the most general set of velocities of a 
rigid body may be considered as a superposition of a translation 
and a rotation about a proper axis with a proper angular velocity. 
This resolution into a rotation and a translation can be carried 
out in a great variety of ways. Picking any one point, one may 
carry out the resolution by using a translational velocity which 
is equal to the velocity of that point; then, the additional 
rotation will consist of a rotation about some axis through that 


TABLE 1 SUMMARY OF THE ANALOGY 


Stress and deflection in the beam 


M = vector moment of tractions across a section at P. 
F = resultant force across section at P. 
8 = flexibility. 
R vd rotation vector per unit length of beam. 
Rds = vector representing rotation of section at P; 
relative to Pi. 
D = displacement of section at P; relative to P; when the 
beam section at P; is held fast. 
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point. If different points are used, the translational velocities 
will, in general, not be the same. However, the rotation vectors 
which represent the rotational velocities turn out to be the same 
in magnitude and direction. If the state of velocities has been 
reduced in the previously described manner with respect to the 
point P which is taken at the origin, then the velocity of any 
point of space turns out to be given by 


Now turn to the statics of forces acting on a rigid body. As 
is well known, any system of forces can be reduced to a single 
force F through a given point and a proper “couple.” The latter 
may be visualized as a pair of equal and opposite forces not along 
the same line, but it is more conveniently represented by means 
of its vector moment M about any point of space, since this M 
turns out to be the same irrespective of the point about which it is 
taken. Again, any two couples with the same moment are 
equivalent to each other. 

At this stage the familiar analogy between the reduction of 
velocities of a rigid body and the reduction of equivalent systems 
of forces becomes clear. A force in the one case is analogous to 
a rotation vector in the other case, while a couple (or rather, its 
moment M) is analogous to a translation. The velocity of a 
point corresponds to the moment of the forces. A system of 
forces corresponds to a set of rctations which take place simul- 
taneously about various axes, the resultant velocity of any point 
being the sum of the velocities due to each rotation separately. 
The fact that two equal and opposite forces acting along parallel 
lines have a resultant zero and a moment which is constant in 
magnitude and direction no matter about what point it is taken, 
now has its analog in the fact that two equal and opposite 
rotations which take place simultaneously about two parallel 
lines result in a translation of the rigid body in question. 

In the foregoing analogy it will be noticed that forces do not 
correspond to translations, but rather to rotation vectors, while 
the moments (of couples) correspond to translations rather than 
rotations that one would naturally associate with moments o/ 
couples or torques. This may be further justified by noting that 
the point of application of a force could not be moved at random 
but only along its line of action while the moment of a couple 
could; similarly, the position of the rotation vectors may le 
moved along a line of rotation but in no other way, since the 
rotation about one axis is obviously not equivalent to a similar 
rotation about a different axis in that it produces different veloc 
ties in the body. 

Suppose now that the beam is freed at each end and, considered 
as a rigid body, is given a motion possessing velocities due tos 
translation M, plus velocities due to a rotation about the cente! 
of the initial section s; represented by the rotation vector /\ 
Then the velocity of any centerline point P with arc length! 

(see Equation [10]) is given by 
(11) 


Motion of the beam 


v = velocity of center point of section at P. 
w = rotation vector of the beam motion. 

8 = mass per unit length. 

R = sv = momentum per unit s. 


JS Rds = momentum of section between P; and P:. 


D = moment of momentum of section P,P; about P: 
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and if the motion is reduced with respect to s, it will be resolved 
into a translation of velocity given by Equation [11] and a rota- 
tion about P represented by the rotation vector 


This is an instance of vhe foregoing analogy and shows that the 
calculation of the traction across any section, as represented by 
M and F is completely equivalent to the resolution of the veloci- 
ties of the beam when properly moving, with respect to any point 
along its center line. 

Examining Equations [7] and [8], it will now be noted that the 
analogy may be taken further. Indeed Equation [7] is seen to 
be the total (vector) momentum of the beam moving as previously 
specified, provided 8 is taken as the mass per unit length of the 
central axis. Since R X (r.—r)ds is the moment of the vector 
Rds about P», it follows that D as given by Equation [8] is com- 
pletely analogous to the moment of momentum of the moving 
rigid beam about P». 

The analogy is summarized in Table 1, which appears at the 
bottom of the preceding page. 


FURTHER DISCUSSION OF THE ANALOGY 


In utilizing the foregoing analogy, it is convenient to recall 
familiar facts regarding momenta and moments of momenta, 
such as the following three: 

1 The momentum of any system of particles (whether they 
constitute a rigid body or not) is equal to the momentum ob- 
tained by transferring the total mass to the center of gravity and 
having it move with the velocity of the center of gravity. 

2 The moment of momentum of a rigid body moving in any 
manner, about a point P, is the sum of the moment of momentum 
about P which results when all the mass is transferred to the cen- 
ter of gravity and allowed to move with its velocity plus the mo- 
ment of momentum about the instantaneous position of the cen- 
ter of gravity due to rotation of the rigid body relative to the 
center of gravity. The phrase ‘‘motion relative to the center of 
gravity” refers to the fact that if the velocities of the rigid body 
be resolved with respect to the center of gravity, they will con- 
sist of two parts, namely, a constant translational velocity equal 
to the velocity of the center of gravity plus a state of velocities 
due to a proper rotation about some line through the center of 
gravity. It is the latter component which may be described as 
the part of the velocity “relative to the center of gravity.” 

3 The moment of momentum of a rigid body due to a motion 
of rotation represented by the rotation vector 


is given by 
— — Wl 
+ + uv, I, — 
( — — WA DR. [14] 


where the coefficients of the principal diagonal are the moments of 
inertia about the x, y, z axes, while the other coefficients are the 
negatives of the products of inertia about pairs of respective 
axes, 

It must be clearly understood that the moments and products 
of inertia J,, I,,,-.. have no relation to the moments of inertia 
I, J of the beam section which occur in 6 (8 = 1/EI); they denote 
the moments of inertia of a mass distribution 8 per unit length of 
the beam center line. In the dynamical analog of the statical 
Problem, this mass distribution is allowed to move as a rigid 
body so that the linear velocity v of each point is equal to M, 
and so as to possess a rotation represented by w = F. 

If the axes are properly chosen, namely, if they are made to 
coincide with the principal axes of inertia, then the products of 


inertia will vanish and a great simplification results. While 
theoretically this can always be done, the determination of prin- 
cipal axes of inertia in general requires solving an equation of the 
third degree. However, in case of plane beams, one of 
the principal axes of inertia is normal to the plane in which the 
beam lies so that two products of inertia venish immediately. 
The determination of the remaining principal axes now involves 
only the solution of an equation of the second degree or can be 
carried out by means of the familiar Mohr circle diagram in 
which the moment of inertia is plotted along the horizontal axis 
and the product of inertia along the vertical axis resulting in a 
circle for the point obtained by taking different sets of axes. 

In calculating products and moments of inertia about any point, 
the calculation of products or moments of inertia can be sometimes 
simplified by recalling the following theorems: The moment of 
inertia about any line l is equal to the moment of inertia about 
a line through the center of gravity parallel to 1 plus the moment 
of inertia about l of the whole mass placed at the center of gravity. 
Similarly, the product of inertia of any mass distribution about 
two mutually perpendicular axes l, 1, is equal to the sum of the 
product of inertia about axes parallel to l, l, and passing through 
the center of gravity plus the product of inertia about h, , of 
the whole mass placed at the center of gravity. 

If the section at P; is not held fast, then to the integral Equa- 
tion [8] must be added the displacement 


R, X rz 
where R; is the vector rotation of the end P,. 
EXAMPLES 


To illustrate this analogy we shall first consider a simple 
cantilever beam, as shown in Fig. 2, of length 1 along the positive 


F 
z 
Fil 
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BEAM MOMENT OR VELOCITY 
DISTRIBUTION 


Fia. 2 


z-axis with a built-in end P; at the origin and loaded at the free 
end P; with the force Fi. The moment distribution is given by 


M = P(l—2)j 


and corresponds to the velocity distribution due to a rotation of 
the cantilever bar about the free end with the rotation vector 


w = Fi 
The moment of momentum is simply 
w,],i = FI,i 


Since the radius of gyration of the beam segment about one end 
is 1/+/3 
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and the displacement is 
BF 3 i 


The momentum of the moving beam is 


27 


hence the angular displacement of the free end is 
Fl?/2 


As another example consider the temperature stresses in a 
pipe bend forming one horizontal and two vertical sides of a square 
of length of side J, with built-in ends, as shown in Fig. 3. The 


1 


Fig. 3 


Fig. 4 


problem is obviously equivalent to forcing the built-in ends 
against each other a distance 


D = —kTIl 


where k is the temperature coefficient of linear expansion, while 
keeping them parallel. Now D is given, as well as {Rds = 0, 
and it is required to find the tractions and moments. Recalling 
the analogy, it will be noted that the total momentum of the 
motion vanishes; hence, the center of gravity of the beam must 
be stationary. Therefore, the tractions across any section, if 
reduced with respect to the center of gravity, are equivalent to a 
single force passing through it (and a vanishing couple); this 
force F obviously points in the direction of the horizontal mem- 
ber, which will be taken as that of the z-axis. Moreover, the 
vector distribution Rds, having a zero resultant, will have a 
constant vector moment about any point of space; hence, in 
computing D one may obtain the moment of the R distribution, 
say about the center of gravity rather than about P;. The cen- 
ter of gravity lies at a distance 1/3 below the horizontal length. 
The moment of inertia about the rotation axis through the cen- 
ter of gravity is easily seen to be 


T, = 
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Substituting in 


D, = F,I, 
there results 
Bl? 


At the end points P;, P: there is a traction of this amount as well 


as a bending moment of amount (2/3)IF, or 2kT/sl. This is 
also the maximum bending moment. 
In the foregoing, the twisting flexibility did not occur. We con- 


sider next a problem in temperature stresses of a three-dimen- 
sional pipe bend. Assume, as in Equation [3], the same flexi- 
bility in twisting as in bending. Let the pipe consist of three 
straight segments, as shown in Fig. 4, forming adjacent sides of 
a cube and joining adjacent pairs of the following points 


P, = (10,0); P2 = (0,0,0); Ps = (0,0,); Ps = 


The stresses developed by an expansion of 7’ degrees are the same 
as those due to a displacement 


D = (kTl, —kTl, -- kT) 


of the end P, relative to the end P;, while at the same time keep- 
ing the sections at Pi, P, parallel to their original orientation. 
Again the total momentum J Rds of the analogous motion van- 
ishes, the center of gravity at (1/6, 1/6, 1/2) is at rest, and this 
motion reduces to a rotation F about the center of gravity. The 
moments and products of inertia about axes through the center 
of gravity are readily found by first finding them for each seg- 
ment relative to its center of gravity, then transferring relative 
to the common center of gravity. There results the following 
array for the inertia matrix 


as (1 1 3 
12 1 10 —3 
a 6 
leading to the equations 
12kT 
10F, + F, + 3F, = ar 
12kT 
F, + 10F,—3F, = — al? 
3F, — 3F, + 6F, = — al? 


for the force components F,, F,, F, across the beam section. 
The solution of these equations is 


3kT 3kT 5kT 
= F =e 
gl? ’ al? ’ z al? 
from which it is readily found that the maximum bending moment 
occurs at P, (or Py) and is 10k7'/3sl. The maximum twisting 
moment has a value k7'/l and exists at each cross section of the 
pipe from P, to P3. 


Case oF UNEQUAL FLEXIBILITIES 


For most engineering computations, the assumption of Equa 
tion [3] is satisfactory. If, however, 8; is not equated to }: 0 
83, @ dynamical analogy can still be built up, though it is rather 
complex. 

Equation [2] is now replaced by 


R = + + Baisms 
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where i; is the unit tangent vector and iz, i; are unit vectors 
along the principal directions of the normal section; if 


= Bs = 8B, fi B 
then 
R = 8M + (8:— 8) (M- ii 


Interpreted as a velocity, R/§ is seen to consist of two parts: 
Its previous value M which is like that of a rigid body motion, 
plus a component 


along the tangent, corresponding to a sliding along the beam cen- 
ter line and proportional to the projection of M along it. Except 
for this change, the further analogy to the moment of momentum 
holds without modification. However, since the mass distribu- 
tion does not move as a rigid body, the moment of momentum 
cannot be expressed merely in terms of moments and products of 
inertia. To the previous expressions for Rds and D are to be 
added 


(8: — B) Ea + nf | 


(8, —8){ X — r)]ds + Fy S (r X ii) X 72 


respectively. The integrals and their integrands are dyadics 
depending on the geometry of the center line r = r(s) only. 


LOADED ALonG Its LENGTH 


If in addition to terminal tractions there are also loads applied 
along the length of the beam, then the analogy to the simple 
dynamical problem breaks down further. Suppose, for instance, 
that there is a single load W applied somewhere at P’ between 
two ends due to some constraining connection at P’. The 
resultant force F will then no longer be constant throughout the 
beam section but will change by an amount equal to W at P’. 
If the dynamical analogy is introduced, it would then be neces- 
sary to break up the mass distribution 8 into two parts at P’, 
whereupon it will be found that the two parts will not move as 
a single rigid body but that each one will move as a separate 
rigid body; the velocity of the common end point of the two 
parts P’ is the same, but the angular rotation of one part will 
differ from the other one. 

In case there is a distributed load on the beam, it is advisable 
to drop the analogy completely and resort directly to the equa- 
tions 


dM 
—+Fxi, =0 
ds 


which are analogous to the familiar beam equilibrium equations. 
The determination of the rotation vector per unit length R and of 
the displacement D in terms of R is carried out as before. 
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Comments on the Enthalpy of Saturated 
Steam From 0 to 100 C and Other 


Steam Properties 


By FREDERICK G. KEYES,' CAMBRIDGE, MASS. 


FEW years ago the entire body of available thermodynamic 
data on water and steam was reviewed and correlated for 
the purpose of preparing steam tables (1).2. At the time, 
precise experimental values of the thermal properties of satu- 
rated steam at temperatures below 50 C were not available. 
This gap, however, has recently been filled by the publication of 
an extraordinarily painstaking series of measurements by Os- 
borne, Stimson, and Ginnings (2). 

At the time referred to, it was known that the values of Cp, 
the specific heat of very low-pressure steam, would be slightly 
changed when more extensive spectroscepic data became avail- 
able. This deficiency has now been supplied through the recent 
more extensive measurements on water vapor by Randall, 
Dennison, Ginsberg, and Weber (3). C. C. Stephenson and 
H. O. McMahon (4) have recently completed the laborious com- 
putations required to deduce the Cr) magnitude from the ex- 
tended recent spectroscopic data. 

The distortion of the water molecule due to centrifugal forces 
was computed by Wilson (5) leading to a correction in the form 
2pRT, where p = 2.04 X 10-5, applicable to the earlier computa- 
tions of Crp from the older spectroscopic data by A. R. Gordon 
(6) which had been used in formulating the steam tables. The 
new computations confirm the magnitude of the Wilson correc- 
tion in a highly satisfactory way leading to a value of p in the 
mean equal to p = 2.33 X 10-5. This value is adopted and 
the following equation is an expression of our best knowledge of 
the specific heat of steam corresponding to zero pressure 


Cro : Int joule (1.0003) = 1.4720 + 7.7716-10-‘T + 47.8365T-* 


This is the original correlation formula by Professor Keenan 
plus the correction term entering the coefficient of 7, that is, 
7.7716-10-¢ instead of the former 7.5566-10~‘. 

The new formula produces a change in Cp, at 100 C (1.8902, 
Equation [1], versus 1.8822) amounting to a part in 230. The 
values computed from Equation [1] are also confirmed by recent 
direct measurements (7) (1.8930, the mean at 100 C). 

Collins and Keyes, besides reporting on directly measured Crp 
values, obtain values of (0H /dp), from which the characteristic- 
state quantity for water vapor, Bo, from 38 to 135 C could be 
computed. These essentially confirm the older values extrapo- 
lated from higher temperatures. The new values, however, 
are somewhat larger but not enough to modify the computed 
properties of water vapor appreciably in the low temperature 
region. The saturation values of B or Bsat are given in the range 
0 to 100 C by the equation 


= 1.89 — 6777.7 T-! — 1.0537-10" T-7..... 
Used in the equation of state, vs = R*T7'/psat + Beat, the aver- 


1 Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

* R = 4.55504 per gram of steam; 7 = (273.16 + 7 degC). 


age deviation of the computed saturation volumes from those 
recently reported by Osborne, Stimson, and Ginnings is a part in 
7700 (0 to 100 C, inclusive). The preferred vapor pressure equa- 
tion (psa) for the same region based on the Reichsanstalt data 
is No. 11 of the Steam Research Program, Part IV (8). 

The enthalpy equation for saturated vapor based on Equation 
{1] for Cro and Beat, using the value of H; at 0 C given by Os- 
borne, Stimson, and Ginnings to fix hy, is 


H,"ti = h, + 1.472 (T — Ty) + 3.8858 X 10-4 (T? — T,?) 
+ 110.1476 logio + [0.1915 — 1373.2 T-! —8.539-10" 


The value of h; using the latest enthalpy value of Osborne, Stim- 
son, and Ginnings at 0 C (2500.3 Int j) (9) leads to hi = 2500.78 
and the average deviation of the computed H, values at round 
10 C from the recent values is a part in 5300. The deviation at 
100 C is the largest amounting to a part in 2200. However, the 
values of the saturation enthalpy in the Steam Tables (Table 1) 
are also in agreement with the new values to a part in 1600 at 0 C; 
a part in 2200 at 50 C; and a part in 26,000 at 100 C, the refer- 
ence point for establishing the steam tables constant of enthalpy. 

An important contribution by Hans Eck (10) has also appeared 
recently on the saturation properties of water from 350 C to the 
critical temperature. Critical data for heavy water were also 
obtained. 

The critical temperature of water is reported as 374.23. The 
value reported by Smith and Keyes is 374.11. This is better 
agreement than is usual in critical temperature measurements by 
different investigators. The critical pressures are: Eck, 218.258 
atm; Smith and Keyes, 218.17—a part in 2500. The new criti- 
cal volume is 3.0656 cc per gram compared with 3.14 cc of the 
Steam Tables. The critical magnitudes for heavy water are 


t = 371.5 C; pe = 214.387 atm; we = 2.74 cc per gram 


The critical-region saturation-liquid specific volumes reported by 
Eck are lower than those in the Steam Tables above 350, while 
the vapor saturation volumes are in tolerable agreement. 
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Osborne, Stimson, and Ginnings to be 1.00019. 
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Measurement of Impact Strains by a 
Carbon-Strip Extensometer 


By R. FANNING,' CAMBRIDGE, MASS., ano W. V. BASSETT,? QUINCY, MASS. 


This paper describes a method of experimentally as- 
certaining the actual stress-time curve in a mechanical 
part subjected to an impact blow. The apparatus con- 
sists of a resistance strain gage in conjunction with a high- 
speed recording oscillograph, the combination being suf- 
ficiently rapid in response to record strain variations oc- 
curring within a few microseconds. Consequently, the 
strains during impact are recorded with sufficient accu- 
racy for detailed analysis. 

Longitudinal strain waves in long bars striking end to 
end have been subjected to theoretical analysis and have 
served as a subject for testing of the apparatus. The 
theory is reviewed in this paper, and computed results 
based thereon are compared with experimental data. The 
agreement is shown to be satisfactory, the form being as 
predicted and the magnitude within a few per cent of the 
computed value. 

The strain waves and reflections occurring in this simple 
case are surprisingly complex. An investigation of other 
impact problems by this method, such as the correlation 
of standard impact tests of materials, might well yield 
information of considerable value. 


N STARTING a program of impact research, the classical 
I problem of the longitudinal strains in long bars was 

chosen for investigation because it was felt that it was a 
relatively simple type of impact and one which would serve as a 
means of checking the performance of the electric-resistance 
strain gage (Ess strip) which was under development at this 
time. 

Srrain-GaGE EQuipMENT 


Strains were experimentally determined by use of a pickup 
which consists of a thin strip of elastic electricity-conducting 
material cemented to the strained surface. These strips change in 
resistance by about 1 per cent when strained 0.1 per cent (corre- 
sponding to a stress of 30,000 lb per sq in. in steel). Gages of this 
type have been developed at M.I.T. and at the Hamilton Stand- 
ard Propeller Co. (1, 2, 3).2 Those used in this investigation 
were the M.I.T. type, usually referred to as Ess (electrically strain- 
sensitive) strips. 

The changes of resistance of the Ess strips due to strain were 
converted into voltage changes, amplified, and recorded by photo- 
graphing cathode-ray-oscillograph tubes. The amplifier, oscillo- 
graph, and camera equipment used was that developed by Draper 
(4). The amplifiers when used in conjunction with the oscillo- 
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graph tubes are flat in response from 1 or 2 cycles per sec to 
40,000 cycles per sec, and are carefully corrected to give true 
reproduction of wave form. The recording was done on 35- 
mm motion-picture film driven at 400 in. per sec by a synchro- 
nous motor. Agfa ultraspeed panchromatic film was used with an 
f 1.5 lens and 2000 volts accelerating voltage on the cathode-ray 
tubes. Two independent channels are available in this equip- 
ment, so that two phenomena may be recorded simultaneously 
on the same film, thus allowing comparison of times. 


EXPERIMENTAL SETUP 


The setup of the bars as well as the general scheme of elec- 
trical connections is shown in Fig. 1. Two bars were suspended 
horizontally by cords from a suitable framework so that they 
were free to swing in the direction of their length and to collide 
end to end. The bars were of alloy steel 1'/i¢ in. in diameter 
and each was originally 6 ft long. Of the two ends which met in 
impact, one was always flat, the other a spherical surface of known 
radius. The bars were adjusted to be just in contact when hang- 
ing free. The impact was provided by drawing back one bar 4 
known amount (10 in. in most cases) and allowing it to swing 
back by gravity. The radius of swing was 32 in. The bar was 
released by a synchronizing mechanism which at the proper 
time also engaged a clutch, causing the film to be driven through 
the recording apparatus. In Fig. 1, channel 1 is shown set up to 
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Fig. 1 M&cHANICAL AND ELEcTRICAL SETUP 


record the time of contact of the bars, channel 2 to record strait 
at A, B, or C. 


EXPERIMENTAL RESULTS 


Fig. 2 is a composite print showing strain records taken 8! 
three different points on a bar 6 ft in length which was withdraws 
7'/, in. and allowed to strike a stationary 6-ft bar. An electrics 
contact record (d) is shown below the three strain records. Ree 
ord (a) is that given by an Ess strip denoted as A located 5°/si2 
from the striking end of the colliding bar, record (b) by a strip 5 
at the center, and record (c) by a strip C 5*/s in. from the far e0 
of the bar. The time scales for these prints coincide. The stra!” 
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scales are not exactly identical, but provide qualitative compari- 
son of magnitude. 

It is evident that after the bars have struck, a wave of com- 
pression proceeds at the speed of sound in steel, down the bar 
to the far end, after which a reflected wave of the opposite 
sign returns relieving the compression. 
collision a build-up of compressive strain is recorded by strip A. 
At an appropriate time, corresponding to the velocity of the 
sound wave in steel and the distance traversed, strips B and C 
also record this increase in strain. Since the wave form is one 


Fig. 2. Loneirupina Strains in Lona Bars 


of pressure building up to a practically steady value, strain in 
the region through which the wave front has passed will main- 
tain a constant level until the return of the reflected wave. 

The reflected wave front of relief of compression reaches strips 
C, B, and A in that order. When the reflected wave reaches 
the near end of the bars, where they are in contact, and has re- 
duced the pressure between them to zero, the bars separate and 
the impact is over. After this the waves of strain travel up and 
down the bars, reflecting at each end with change of sign. Know- 
ing the record film speed, velocity of sound waves in steel (18,000 
fps), and strip locations, the time of each event on the records 
has been checked and found to agree with the times predicted by 
theory. 

At positions A and B, compression has reached the steady 

maximum value before arrival of the reflection, and remains at 
this value for an appreciable time. At point C this is not so; 
the toe of the reflection wave returns and cuts off the increase 
of strain before it has reached the maximum value. 
Flexural vibration or bending of the bars due to eccentric 
impact was suspected in some of the records. By cementing 
strips diametrically opposite each other at the same section of a 
bar and connecting one strip to each amplifier channel, such 
bending vibrations were found to occur when the bars were not 
aligned with sufficient care. 


Comparison oF ExPERIMENTAL Resutts THEORY 
In order to determine whether the form of the strain-versus- 


Thus, shortly after ° 


time measurements obtained experimentally were correct, the 
problem was also subjected to analysis. Sears (6) treated this 
problem of impact of long bars with rounded ends. A calcula- 
tion was therefore made by his method of the strains for a case 
which we had investigated experimentally. A summary of the 
method of calculation is given in the Appendix. 

Fig. 3 shows the experimental and computed strains. The 
maximum ordinates were made to agree, to show most clearly the 
similarity of form of the curves. The actual calibration of the ex- 
perimental gage gave a calibration constant about 10 per cent 
smaller than that used. This is within the possible error of the 
rather imperfect method of calibration which was used. Note 
that the strains considered here are those 55/sin. in from the im- 
pacting end of the bar, not those at the very end. This had to be 
considered in an additional stage of the calculation, and gives 
rise to the bend in the curve at about 740 microseconds after 
the start of the impact. This is due, as noted on the curve, to the 
return of a reflected wave from the near end. The time marked 
on the curve as “contact ceases” is the calculated time for the 
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pressure at the end to fall to zero and so for the contact between 
the bars to cease. This would be the time given by such a record 
as (d) of Fig. 2. It is not exactly the time for a wave front to 
travel down and back through the bar. This would take about 
715 microseconds. Since the wave front in these impacts is not 
an abrupt jump, it takes a considerable time for the returning 
wave of relief of compression to become of sufficient magnitude 
to cause the pressure at the point of contact to fall to zero. This 
difference between measured time of duration of impact and cal- 
culated time of sound travel through the bar has been the cause 
of considerable confusion, and Sears (6) must be given the credit 
for showing the cause of it. His paper gives many comparisons 
of measured times of duration of impact with those calculated 
from his theory, but he was unable at that time to measure the 
strains themselves. It is gratifying to be able to confirm his 
theory so directly. 


OruEerR EXPERIMENTAL RESULTS 


Several other cases of impact were qualitatively examined. 
Fig. 4 shows the strains resulting from the impact of a 6-ft bar 
with a 1-ft bar. As before, waves travel to the end of each bar 
and back, but when the wave in the long bar has traveled 2 ft, 
the reflection in the 1-ft bar has returned to the contact, and 
soon after this pressure and consequently contact between the 
bars ceases. The result is a complete wave about 2 ft in length 
from toe to tail which is generated in the long bar. Fig. 46 shows 
the passage of this wave as recorded by a strip 6 in. from the 
contact end of the long bar. We see its initial passage, followed 
by its return after reflection from the far end, and again by its 
further reflection from the near end, and so on. Fig. 4a is a 
record of strain in the short bar, showing passage and return of 
the initial wave front. Analysis by simple wave theory pre- 
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Measurement of Impact Strains by a 


Carbon-Strip Extensometer 


By R. FANNING,'! CAMBRIDGE, MASS., ano W. V. BASSETT,? QUINCY, MASS. 


This paper describes a method of experimentally as- 
certaining the actual stress-time curve in a mechanical 
part subjected to an impact blow. The apparatus con- 
sists of a resistance strain gage in conjunction with a high- 
speed recording oscillograph, the combination being suf- 
ficiently rapid in response to record strain variations oc- 
curring within a few microseconds. Consequently, the 
strains during impact are recorded with sufficient accu- 
racy for detailed analysis. 

Longitudinal strain waves in long bars striking end to 
end have been subjected to theoretical analysis and have 
served as a subject for testing of the apparatus. The 
theory is reviewed in this paper, and computed results 
based thereon are compared with experimental data. The 
agreement is shown to be satisfactory, the form being as 
predicted and the magnitude within a few per cent of the 
computed value. 

The strain waves and reflections occurring in this simple 
case are surprisingly complex. An investigation of other 
impact problems by this method, such as the correlation 
of standard impact tests of materials, might well yield 
information of considerable value. 


N STARTING a program of impact research, the classical 
I problem of the longitudinal strains in long bars was 

chosen for investigation because it was felt that it was a 
relatively simple type of impact and one which would serve as a 
means of checking the performance of the electric-resistance 
strain gage (Ess strip) which was under development at this 
time. 

Srrain-GaGce EquipMENT 


Strains were experimentally determined by use of a pickup 
which consists of a thin strip of elastic electricity-conducting 
material cemented to the strained surface. These strips change in 
resistance by about 1 per cent when strained 0.1 per cent (corre- 
sponding to a stress of 30,000 lb per sq in. in steel). Gages of this 
type have been developed at M.I.T. and at the Hamilton Stand- 
ard Propeller Co. (1, 2, 3). Those used in this investigation 
were the M.I.T. type, usually referred to as Ess (electrically strain- 
sensitive) strips. 

The changes of resistance of the Ess strips due to strain were 
converted into voltage changes, amplified, and recorded by photo- 
graphing cathode-ray-oscillograph tubes. The amplifier, oscillo- 
graph, and camera equipment used was that developed by Draper 
(4). The amplifiers when used in conjunction with the oscillo- 
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graph tubes are flat in response from 1 or 2 cycles per sec to 
40,000 cycles per sec, and are carefully corrected to give true 
reproduction of wave form. The recording was done on 35- 
mm motion-picture film driven at 400 in. per sec by a synchro- 
nous motor. Agfa ultraspeed panchromatic film was used with an 
f 1.5 lens and 2000 volts accelerating voltage on the cathode-ray 
tubes. Two independent channels are available in this equip- 
ment, so that two phenomena may be recorded simultaneously 
on the same film, thus allowing comparison of times. 


EXPERIMENTAL SETUP 


The setup of the bars as well as the general scheme of elec- 
trical connections is shown in Fig. 1. Two bars were suspended 
horizontally by cords from a suitable framework so that they 
were free to swing in the direction of their length and to collide 
end to end. The bars were of alloy steel 1'/j¢ in. in diameter 
and each was originally 6 ft long. Of the two ends which met in 
impact, one was always flat, the other a spherical surface of known 
radius. The bars were adjusted to be just in contact when hang- 
ing free. The impact was provided by drawing back one bar a 
known amount (10 in. in most cases) and allowing it to swing 
back by gravity. The radius of swing was 32 in. The bar was 
released by a synchronizing mechanism which at the proper 
time also engaged a clutch, causing the film to be driven through 
the recording apparatus. In Fig. 1, channel 1 is shown set up to 
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record the time of contact of the bars, channel 2 to record strait 
at A, B, or C. 


EXPERIMENTAL RESULTS 


Fig. 2 is a composite print showing strain records taken 8 
three different points on a bar 6 ft in length which was withdraw. 
71/, in. and allowed to strike a stationary 6-ft bar. An electrical 
contact record (d) is shown below the three strain records. Re 
ord (a) is that given by an Ess strip denoted as A located 5°/sit 
from the striking end of the colliding bar, record (b) by a strip 5 
at the center, and record (c) by a strip C 55/s in. from the far end 
of the bar. The time scales for these prints coincide. The strai? 
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scales are not exactly identical, but provide qualitative compari- 
son of magnitude. 

It is evident that after the bars have struck, a wave of com- 
pression proceeds at the speed of sound in steel, down the bar 
to the far end, after which a reflected wave of the opposite 
sign returns relieving the compression. Thus, shortly after 
collision a build-up of compressive strain is recorded by strip A. 
At an appropriate time, corresponding to the velocity of the 
sound wave in steel and the distance traversed, strips B and C 
also record this increase in strain. Since the wave form is one 


Fig. 2. Strains In Lona Bars 


of pressure building up to a practically steady value, strain in 
the region through which the wave front has passed will main- 
tain a constant level until the return of the reflected wave. 

The reflected wave front of relief of compression reaches strips 
C, B, and A in that order. When the reflected wave reaches 
the near end of the bars, where they are in contact, and has re- 
duced the pressure between them to zero, the bars separate and 
the impact is over. After this the waves of strain travel up and 
down the bars, reflecting at each end with change of sign. Know- 
ing the record film speed, velocity of sound waves in steel (18,000 
fps), and strip locations, the time of each event on the records 
has been checked and found to agree with the times predicted by 
theory. 

At positions A and B, compression has reached the steady 
maximum value before arrival of the reflection, and remains at 
this value for an appreciable time. At point C this is not so; 
the toe of the reflection wave returns and cuts off the increase 
of strain before it has reached the maximum value. 

Flexural vibration or bending of the bars due to eccentric 
impact was suspected in some of the records. By cementing 
strips diametrically opposite each other at the same section of a 
bar and connecting one strip to each amplifier channel, such 


bending vibrations were found to occur when the bars were not 
aligned with sufficient care. 


Comparison or EXPERIMENTAL Resutts THEORY 
In order to determine whether the form of the strain-versus- 


time measurements obtained experimentally were correct, the 
problem was also subjected to analysis. Sears (6) treated this 
problem of impact of long bars with rounded ends. A calcula- 
tion was therefore made by his method of the strains for a case 
which we had investigated experimentally. A summary of the 
method of calculation is given in the Appendix. 

Fig. 3 shows the experimental and computed strains. The 
maximum ordinates were made to agree, to show most clearly the 
similarity of form of the curves. The actual calibration of the ex- 
perimental gage gave a calibration constant about 10 per cent 
smaller than that used. This is within the possible error of the 
rather imperfect method of calibration which was used. Note 
that the strains considered here are those 55/s in. in from the im- 
pacting end of the bar, not those at the very end. This had to be 
considered in an additional stage of the calculation, and gives 
rise to the bend in the curve at about 740 microseconds after 
the start of the impact. This is due, as noted on the curve, to the 
return of a reflected wave from the near end. The time marked 
on the curve as “contact ceases” is the calculated time for the 
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pressure at the end to fall to zero and so for the contact between 
the bars to cease. This would be the time given by such a record 
as (d) of Fig. 2. It is not exactly the time for a wave front to 
travel down and back through the bar. This would take about 
715 microseconds. Since the wave front in these impacts is not 
an abrupt jump, it takes a considerable time for the returning 
wave of relief of compression to become of sufficient magnitude 
to cause the pressure at the point of contact to fall to zero. This 
difference between measured time of duration of impact and cal- 
culated time of sound travel through the bar has been the cause 
of considerable confusion, and Sears (6) must be given the credit 
for showing the cause of it. His paper gives many comparisons 
of measured times of duration of impact with those calculated 
from his theory, but he was unable at that time to measure the 
strains themselves. It is gratifying to be able to confirm his 
theory so directly. 


OTHER EXPERIMENTAL RESULTS 


Several other cases of impact were qualitatively examined. 
Fig. 4 shows the strains resulting from the impact of a 6-ft bar 
with a 1-ft bar. As before, waves travel to the end of each bar 
and back, but when the wave in the long bar has traveled 2 ft, 
the reflection in the 1-ft bar has returned to the contact, and 
soon after this pressure and consequently contact between the 
bars ceases. The result is a complete wave about 2 ft in length 
from toe to tail which is generated in the long bar. Fig. 4b shows 
the passage of this wave as recorded by a strip 6 in. from the 
contact end of the long bar. We see its initial passage, followed 
by its return after reflection from the far end, and again by its 
further reflection from the near end, and so on. Fig. 4a is a 
record of strain in the short bar, showing passage and return of 
the initial wave front. Analysis by simple wave theory pre- 
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dicts that the short bar would be free of vibration after separa- 
tion, which this record shows to be essentially true. 

Fig. 5 shows the strain record obtained by striking with an- 
other bar the end of a 5-ft bar, the other end of which has been 
cemented to a heavy iron support. The object of this setup was 
to obtain a fixed-ended bar. When a wave of strain encounters a 
free end, it has been seen to reflect as a strain of opposite sign. 
When a wave meets a fixed end, the result should be a reflection 


Fig. Impact or a Bar A 1-FT Bar 
{Strain at the near end of the (a) 1-ft bar and (b) 6-ft bar.] 


Fie. 5 REFLECTION OF STRAIN FROM a RELATIVELY FIXED END OF A 
Lone Bar 


JOURNAL OF APPLIED MECHANICS 


MARCH, 1940 


with the same sign, i.e., reflection should double the strain rather 
than reduce it to zero. The strip was attached near the free, 
impacting end of the bar. The initial passage of a compression 
wave was recorded as usual. The reflected wave shows an in- 
crease of strain as required by theory. It is not exactly doubled, 
since the end was not entirely fixed, and there was a momentary 
dip in the curve, caused probably by the fact that the bar was not 
firmly in contact with the large mass of iron at first. 

Records were obtained on bars which had holes of various sizes 
drilled through them. The object was to determine if a notice- 
able reflection was produced by such a discontinuity. No ap- 
preciable reflection of this sort was found on a single travel of a 
strain wave once through the bar, even when two holes at right 
angles were present which reduced the area of cross section of the 
bar at that point to a quarter of its original value. After the 
wave had traveled a number of times up and down the bar a 
slight cumulative effect due to the hole was observable, but still 
not important. Records were also made of the effect of inter- 
posing several layers of tape between the impacting ends of the 
bars. As was to be expected, the impact was “softened,” i.e., 
the rate of build-up of strain was much lower. 

Lateral impact of a compact mass against a beam has been 
studied recently by Arnold (8), using scratch-recording strain 
gages. We made a somewhat similar setup, using, however, a bar 
instead of a compact mass as the striking body, and a light rec- 
tangular bar as the struck beam. Fig. 6a is a record of strain 
near the striking end of the bar, and Fig. 66 is a record of contact 
between the bar and the beam. The first pulse on the strain 
record may be interpreted as due to the impact of the bar with the 
plug of beam material immediately under the contact end of 
the bar. This generates a compression pulse which traverses the 
length of the bar, much as in the case of a long bar striking a short 
one as shown in Fig. 4b. The reflection from the free end of the 
bar of this pulse momentarily breaks contact upon its return, 
which sets up further waves in the beam and the bar. These 
longitudinal vibrations of the bar are of high frequency, and give 
rise to the closely spaced makes and breaks of contact which are 
to be seen in Fig. 6. Actually this record shows a second series o/ 
contacts commencing about 0.011 see after the last of the first 
series, but which is not shown in the portion of the record re- 
produced here. This longer break in contact, between series of 
closer spaced contacts, is considered to be due to flexural vibrs- 
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Strain in striking the bar; (6) contact between the bar and beam. ] 
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tions of the beam. It was breaks in contact of this sort which 
Arnold (8) found and which caused him to describe the phenomena 
as ‘multiple impact.”’ In our case we have multiple impacts, 
each of which is itself a multiple impact due to longitudinal waves 
in the striking bar. 


CONCLUSIONS 


The longitudinal strains in long bars in impact have been 
recorded for a number of cases. The phenomena are found to be 
rather complicated. The case of two bars of equal length, each 6 
ft, has been analyzed and the results of theory and experiment 
shown toagree. Asa result of this check, considerable confidence 
is felt in the results obtained with the electrical-resistance strain 
gage for impact conditions. The strains obtained in the work 
reported in this paper were rather small, but further work has 
shown that the gages work successfully at much higher strains. 
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Appendix 


MeEtTuHop oF CALCULATING STRAINS 


The method used for calculating strains is that due to Sears (6). 
Actually stress is what is plotted in Fig. 3 but here clearly Hooke’s 
law holds, and it was thought that stress figures were more fa- 


(unite) 
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Fig. 7 Impactina Enps or Bars 


miliar. Referring to Fig. 7, we note that all the force between the 
bars is transmitted through the small area of contact A. Thus, 
in the neighborhood of contact, the stress is essentially three- 
dimensional. However, we know by St. Venant’s principle that 
the stress rapidly spreads out so that at a rather short distance 
from the contact region the stress, or the strain, is evenly dis- 
tributed across the cross section. 

For any element of the bar of length dz, the net force acting 
on it is 


oF oF 


and now if p = density, g = acceleration of gravity, S = area of 
cross section, and u = displacement of element relative to axes 
fixed in space, then 


but 


whence E——-—e= 


g “Of? 
or 


where v = +/(Eg/p) = velocity of sound. This equation holds 
in the interior of the bar. It has the well-known solution 


u = fi(t — z/v) + falt + z/v)............. [4] 


Now near the end of the bar, however, the strain is not governed 
by this one-dimensional-wave equation, but is essentially three- 
dimensional. Sears (6) shows that this region is small and that 
points C, and C; shown in Fig. 7 may be found for which, under 
static conditions, Hertz’s law of deformation holds, i.e. 


2E 
3(1 — o*) 
——]} ,o = Poisson’s ratio, r; = radius of curvature of 
body 1 at region of contact, and rz = radius of curvature of body 
2 at region of contact. Furthermore 


where F = force between the bodies, k = a constant = 


AC; = AC; = ¢ = a V(3/2) + axEB (2/8) ..... [6] 


where a = radius of the bar and 
6E + 5G 1 


G = aes = modulus of rigidity 

Now since this region C,C; is small we may neglect the effects 
of the finite time of propagation of strain through it for the 
moment and use Equation [5] for the impact case. The force 
thus found can then be considered to be acting at the very 
end of the bar, which is now considered as a one-dimensional 
system throughout for purposes of calculating wave travel. 
Now let 8 = displacement of C; relative to axes fixed in space, 
y = displacement of C; relative to axes fixed in space, V; = 
original velocity of C;, and V; = original velocity of C3, all these 
being measured in the same direction in space, s0 a = 8B — y. 

Now for our case, Equation [4] becomes 


i.e., fe = 0, since it would correspond to a wave starting in the 
opposite direction in the bar. 
Now from Equation [1] 
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Integrating once 


og g 
which we may write finally as 
g 
pv =) 
and similarly 
pv 


where P = F/S = stress. 

Now Equations [9] and [10] together with Equation [5] solve 
our problem. However, a solution in the form P = p(t) is not 
possible in terms of known functions, so a step-by-step integra- 
tion is necessary. Equations [9] and [10] hold until reflections 
return, whereupon further terms of the form P " (2 - *) are 


to be added to the right-hand side of each equation. 
Now integrating for a small time r 


g 


and now if t = nr, and we denote §n,; as §,, etc., and put 


nr 
9g 


(Pa + Pn-1) since is small 
2pv 


= C (P, + Pa-1) 


then 


Bn = + Ver — 
and similarly 
Yn = Yn-1 + Ver — An-1....... [13] 


and now we are given in our case V; = known velocity of striking 
bar at impact, V2 = 0, Bo = yo = 0, Po = P-,1 = 0, whence 


Ay = C (0) = 0 
and from Equation [12] 
= 0+ Vir —O = Vir 
and from Equation [13] 


=0 
whence 
= (8i— v1) = Vir 


and P; = k’ a,'/* which is now calculable, k’ = : 


we then have 


Ar = C (Pi + Pe) = 
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and then 
Be = B+ Vir — A, 
0— Ay 


of which all the terms on the right are known. 
found, and then P2 and so on. 
When reflected waves return we have instead of Equation [9] 


Thus a2 may be 


Ba = + Vit — Anai— etc. 


This gives the stress at the end of the bar, or rather the stress 
which would exist in an imaginary bar at that point if the stress 
were distributed uniformly over the cross section right down to 
the end. However, our measured values were for a strip 5°/; 
in., or approximately 4 intervals of length ¢ from the end. We 
calculate the stress there; thus: 

Let P’, = stress at time nr at a point m units of length c in 
from the end. Then = Pn-m — Pna-qio-m) + 
since the length of the bar down and back is 110 units and Pa-m 
= stress at strip due to direct wave from near end, thus m units 
late; Pn -— aio - m) = Stress at strip due to wave once reflected 
from far end (thus the negative sign); and Pa-qio+m) = stress 
due to wave once reflected from far end, then once from near 
end (thus a positive sign). 

For our case m = 4 and so 


= Pa -4— Pn - 108 + Pa - 14 


as plotted in Fig. 3. 

For this calculation the various constants had the following 
values: a = 0.531 in.; c = 1.31 in.; rm, = 0.531 in.; rz = @; 
v = 16,800 fps = 201,800 in. per sec; r = c/v = 6.491 X 10° * sec; 
C = g/2pv = 2.211 X 10-8; Vi = 34.75 in. per sec; and k’ = 
k/S = 1.554 X 107. 

Note that this value of c is not exactly that given by for- 
mula [6] but, as Sears (6) shows, its exact value is not of impor- 
tance in the calculations, so that it is convenient to take it so that 
it is contained an integral number of times in the length of the bar. 
Thus, in our case this value of c makes the bar 55 units of this 
length long. 
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A Rational Representation of the Flow 
Performance of Reaction Steam- 


Turbine Blading 


By ADOLF EGLI,!' WINTERTHUR, SWITZERLAND 


This paper gives a condensed method of representing 
flow performance of reaction-type turbine blading which 
is applicable to an extensive range of flow conditions in- 
cluding those widely different from the conditions of 
maximum efficiency. The method is of particular value in 
analyzing flow in by-pass blade groups of central-station 
turbines or of mixed-pressure or bleeder turbines. It 
is based on dimensional analysis and empirical data are 
presented in the condensed form suggested by the analysis. 


HE blading of modern steam turbines is subjected to opera- 
‘1 under very widely divergent flow conditions. Thus, 

the configuration of the flow in a by-pass blade group of a 
central-station turbine varies greatly with the load. In mixed- 
pressure turbines as well as in bleeder turbines complicated flow 
conditions occur due to externally regulated interstage pressures 
or externally imposed rates of steam flow. When the throttle 
valve of a high-pressure superposed turbine accidentally closes 
and the turbine continues to rotate at full speed as it is driven by 
the motorized generator, a certain amount of cooling steam must 
be admitted to prevent dangerous heating of the turbine. A 
similar situation exists in a marine propulsion turbine where 
special measures must be taken to avoid excessive heating of the 
ahead blading when operating astern. 

The performance of turbine blading under all these conditions 
must be computed in advance be it as the basis for the greatly 
detailed turbine-performance guarantees customary today, be it 
to assure the safe mechanical operation of the power unit. It 
therefore has become necessary to develop methods of predicting 
the turbine flow characteristics under all possible modes of 
operation. While theoretical analysis of the flow in the blading 
yields much insight of a fundamental nature, a sufficiently ac- 
curate prediction of the performance of a steam turbine cannot be 
made by this procedure alone. The calculation of the behavior of 
the turbine is based on tests with an actual turbine. 

The number of such tests, because of their cost, however, must 
be reduced to a minimum which, in turn, calls for the most ra- 
tional methods of test analysis. 

It is the purpose of this paper to show how, with the use of 
dimensional analysis, the most condensed method of representing 
turbine-flow performance is found. While this method of attack 
is applicable to any type or combination of types of turbine ele- 
ments, the presentation in the paper has been restricted to the 
reaction type of turbine blading. 
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THE SINGLE-STAGE PROBLEM 


Consider now a group of reaction-turbine blading. Rotating 
the spindle with a certain speed while maintaining a certain inlet 
pressure to the blading, a certain inlet temperature and a certain 
outlet pressure will, in general, set up a certain configuration of 
flow of the steam in the blading. A test, in fact, shows that the 
blading develops a certain definite power and consumes a certain 
definite amount of steam per unit of time. 

In particular one stage out of the group, consisting of a station- 
ary and a rotating blade row, is subjected to the initial pressure p, 
lb per sq ft; the initial temperature t, deg F; the pressure drop 
Ap, lb per sq ft; and the blade speed u, fps. 

By changing the operating conditions of the blading group, we 
are able to vary at will any or all of the four stage quantities 
p,t, Ap, u. Representing furthermore the size of the blading by 
the characteristic length l, ft, we may consider the five quantities 
p, t, Ap, u, lthe independent test variables. Giving each of them 
a certain value fixes a certain configuration of flow of the steam 
in the stage. The turbine designer is interested in certain effects 
of this flow, such as the work N, ft-lb per sec, delivered to the 
turbine shaft, the amount of fluid G, lb per sec, passing through 
the stage. In some instances he may want to know other charac- 
teristics of the flow, as, for instance, the temperature drop At, 
deg F, across the stage, and the mean relative efflux angle a of 
the flow from each blade row. The quantities N, G, At, a 
may then be considered the dependent variables of the reaction- 
stage problem. Of these dependent variables only two, the mass 
flow G and the power N, are more or less easily and accurately 
measurable in a turbine test. The others must be determined by 
mathematical analysis. 

Presently with p, t, Ap, u, 1, N, and G as the quantities usually 
measured in a turbine test, the test performance may be repre- 
sented by the two functions 


each of which contains six variables. 

Plotting the test results in this manner, however, is exceedingly 
complicated. Allowing only ten values for each of the variables, 
it requires 2000 curve sheets to represent the two functions 
graphically. To obtain ten values for each independent test 
variable, a project of 105 = 100,000 tests would have to be con- 
ducted. 

Is it possible to simplify this situation without losing generality? ~ 
The answer is obtained from dimensional considerations. 

(a) Dimensional Analysis of the Turbine Test. Suppose we were 
able to calculate the function Equation [la] analytically. The 
formula thus derived would, besides the six variables of Equation 
[la], also contain variables representing the physical properties 
of the steam. The steam shall for the present purpose be repre- 
sented by a gas with a constant-specific-heat ratio k = c,/c, 
and a constant viscosity u, lb sec ft~*. The analytical expression 
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for the power output of the stage then would be of the general 
form 
F(N; p; p; Ap; u; ly ws k) = 0.......... [2] 


where we have, for convenience, replaced the temperature be- 
fore the stage by the fluid mass density p, lb ft~‘ sec*, which is 
determined by p and t. 

Equation [2] contains all the variables that are of importance 
in determining the power output N. To this equation we can 
directly apply the rules of dimensional analysis,? which are based 
on the observation that, applied to the present case, the phe- 
nomenon of the power developed by the turbine stage does not 
depend on the size of the units used to measure all the variables 
involved. It must therefore be possible to rearrange Equation 
[2] in such a manner that all variables are nondimensional ratios 
and thus independent of the measuring units. 

It is shown in Table 1 that the dimensions of all eight variables 
involved can be expressed in terms of mass, length, and time, 
designated by M, L, and 7’, respectively. 


TABLE 1 QUANTITIES INVOLVED IN THE REACTION-STAGE 
FLOW PROBLEM 


Dimension expressed in products of 
powers of the fundamental units of 


Name Symbol mass, length, and time 

Work done per unit time N ML? T-* 
Reference length i L 
Pressure before stage p ML-'T-? 
Mass density before stage ML-* 
Pressure drop across stage Ap ML-'T~-! 
Mean blade speed u LT-1 
ratio k 1 

uid viscosity 


Furthermore Buckingham’s x theorem indicates that Equation 
[2] must be expressible in terms of 8 — 3 = 5 nondimensional 
variables, say 2; A; o; Re; k. Thus, the new form of Equation 
[2] becomes 


The five nondimensional variables, as found by the usual 
methods of dimensional analysis, result in 


2 = N/l*p/(p/p) = N/l*p/(gpv) (mass flow)... [3a] 
4 = Ap/p (pressure drop)....... [3b] 


o = u/V/(p/p) = u//(gpr) (blade speed)..... 
Re = plu/» = lu/gvp (Reynolds’ number). . [3d] 
k = (compressibility)............ [3e] 


with g = gravitational acceleration = 32.17 fps per sec. 
A very similar analysis carried out for the mass flow Equation 
[1b] yields the function of nondimensional variables 


with the new variable representing the mass flow G 
= = Gv/l?-/(gpr) [3f] 


Comparing now the nondimensional functions of Equations 
[2a] and [2b] with the original Equations [la] and [1b], we ob- 
serve that the number of variables has been reduced from six to 
five. This is the result of the simplifying assumption of constant 
and independent values » and k. Actually of a real fluid, such 
as steam, » and k are not constant and not independent. For 
practical reasons we are, however, forced to even further simplify 
the analysis 

Reaction blading usually operates with fluid velocities well 


_ #*Dimensional Analysis,”” by P. W. Bridgman, Yale University 
Press, New Haven, Conn., 1931. 
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below those of sound. Therefore, the compressibility of the 
fluid, which is represented by the value k, is generally of little 
importance in forming the flow through the blading. The varia- 
tion of k will therefore be neglected. Furthermore, it is easily 
found that of the reaction stage of a given turbine the Reynolds 
number Re varies relatively little. Flow changes with Reynolds’ 
number usually being slow, the effect of the variation of Re in 
the stage of a given turbine can be disregarded. 

When comparing turbines of different sizes and widely different 
steam conditions, the effect of the viscosity is, however, of suffici- 
ent importance to be investigated separately. 

All following considerations shall be assumed as referring to a 
range of conditions where the effect of a variation of Re is negli- 
gible. The test performance of the reaction stage, then, is repre- 
sented by the two functions of three nondimensional variables 
each 


Q = f(A; T = f(A; o) 


which compare directly with the two functions expressed by 
Equations [la] and [1b] of six variables each. Instead of 2000 
curve sheets, we now need two to represent the functions graphi- 
cally. Instead of 100,000 tests we need but 100 to cover ten 
values for each dependent variable. 

Instead of the seven test variables p, t, Ap, u, l, N, and G we 
have now the four dimensionless quantities A, ¢, 2, and I defined 
in terms of the others by the Equations [3]. We call A, o, 2,1 
the fundamental test variables. 
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(b) Characteristics Derived From the Fundamental Test Variables. 
The configuration of the flow in the stage is now fixed as soon 
as certain values are given to two of the four fundamental test 
variables, say Aando. From the turbine test we obtain directly 
only the two effects, power and mass flow, now represented by 
Equations [4]. An example each of a power and a flow charac- 
teristic is shown in Figs. 3 and 4 which are based on actual test 
results. 

The turbine designer is interested, however, in a number of 
other stage characteristics. These must be obtained by analysis. 

In the following derivations we will assume that the stage is 
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“symmetric,” that is, both blade rows have the same blade pro- 
file and the mean absolute velocity approaching the stage is the 
same in direction and magnitude as the mean absolute velocity 
leaving the stage. The two velocity triangles make the sym- 
metric picture shown in Fig. 1; ¢ representing velocities as seen 
by a stationary observer, and w representing velocities as seen by 
an observer moving with the speed u of the rotating blade row. 
The energy equation for the stage 


i—t, = cp(T —T:) = AN/G............ [5] 


combined with Equations [3a] and [3f] yields the nondimensional 
expression + for the stage temperature drop or stage enthalpy 
drop 


k 
r= = (t—2,)/Apv = (T —T:)/T..... [6] 


k 
where A = mechanical equivalent of heat = 778.3 ft-lb per Btu; 
i; 7; = enthalpy before and after the stage, respectively, Btu per 
lb; and T; T; = absolute temperature before and after the stage, 
deg F. 

The nondimensional temperature drop r apparently is a func- 
tion of Aanda; r = f(A; oa). 

Denoting with a@ the relative angle of the flow leaving the row, 
the condition of continuity may be expressed as 


where a = blade pitch, ft; 6 = exit blade height of previous rotat- 
ing blade row = exit blade height of stationary blade row, ft; and: 
z = number of blades in the blade row. 

The work done per second in the stage can be calculated by 
writing down the change of momentum in peripheral direction 
across the rotating blade row, thus 


N = (G/g)u(2c, cos a — [8] 


Eliminating c; between Equations [7] and [8] and remembering 
the definitions of 2, T, and o, an equation for the leaving flow 
angle is obtained 


tan a = + Q/To?).......... [9] 
We note that a = f(A; a). 
Similarly we can derive the expressions for the velocity ratio 
vy = u/c, = 2 cos a/(l + Q/To*) = f(A; o).... [10] 
and the relative flow angle of approach 
tan 8 = sin a/(cos a—v) = f(A; @)........ [il] 


The blading efficiency which is, referring to the enthalpy- 
entropy diagram of Fig. 2, defined as 


n = h/h’ = [12] 


can also be expressed in terms of the fundamental test variables. 
For the isentropic change of state across the stage we write if the 
pressure drop is small: heat added Ag = 0 + Ai — Av Ap, thus, 
h’ = Ati= AvAp = ApvA. Eliminating h’ and introducing the 
nondimensional test variables the blading efficiency becomes 
simply 


If the pressure drop A is large, the approximation for Ai is 
not sufficient. The relation between h’ and A is then found from 
the steam chart, or with an average value k from the general 
Bernoulli equation, and the expression for the efficiency becomes 
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The isentropic velocity ratio v’ = u/c’ often used in turbine 
calculations with Ac’?/2g = h’/2 Av Ap/2 becomes 


In line with customary procedure in aerodynamics the Mach 
number M, = c’/c,, where c, = /gk pv = acoustic velocity, 


2 
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is sometimes used as index of the importance of the compressi- 
bility of the fluid. It is easily found that M, is related with A 
through the equation M,? = A/k. Also A is therefore an index 
of the effect of the compressibility of the fluid. 

Summing up the results of our analysis, the flow performance 
of the reaction stage is described by a series of nondimensional 
functions; written symbolically 


Work done Q = f(A; o) 


Mass flow r = f(A; o) 
Temperature drop 
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Approach flow angle B = f(A; o@)...... (11) 
Isentropic velocity ratio v’ = f(A; (14) 


It sometimes proves convenient to combine two or more of 
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these functions and thereby rearrange the variables. Thus, by 
eliminating ¢ between Equations [13] and [14] we obtain 
n = flv’; A) 

In the normal operating range of reaction blading the influence 
of A on the efficiency has been found negligible. Therefore, 7 = 
f(v’) is the type of function usually applied in efficiency calcula- 
tions, and for which Fig. 5, obtained from tests, is an example. 
In Fig. 6 the ratio (n/»’) is plotted against v’; the former, as is 
easily verified, represents the torque transmitted to the turbine 
shaft. 

Another example of rearranged variables is shown in Fig. 7 
showing the power which is necessary to drive a reaction stage in 
reversed rotation as found from tests. 

The test results represented in Fig. 8 show that in the efficiency 
function 7 = f(v; A), the influence of A is not always negligible. 


Tre MULtistaGE PrRoBLEM 


It is usually not possible to measure the output N of a single 
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stage which is part of a group of stages. The characteristics of 
the single stage must be calculated by mathematical analysis 
from the measurements taken in a multistage test. 

The single-stage characteristics thus obtained are then the 
basis for predicting the performance of other blade groups which 
may be portions of particular turbines. 

Both these problems are fundamentally solved if the relation- 
ship between the characteristics of a single stage and a group of 
stages is known. This relationship is obtained in a. straightfor- 
ward manner if we start out with the single-stage characteristics. 
The details of this analysis are not within the scope of this paper. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the JOURNAL will include a concise presentation of data 
and information drawn chiefly from papers previously 
published by the Applied Mechanics Division of The 
American Society of Mechanical Engineers. 


The first series dealt with the subject “Strength of Ma- 
terials’”’ and the present series will cover the subject 
“Vibration.’’ The data have been prepared by a subcom- 
mittee of the Applied Mechanics Division (J. Ormondroyd, 
chairman), under the general guidance of S. Timoshenko. 

The third article, which follows, is by J. Ormondroyd. 
This considers systems with one degree of freedom. 


Vibration Problems 


Part I1I]—Systems WitH ONE DEGREE OF FREEDOM 
By J. ORMONDROYD,' ANN ARBOR, MICH. 


is of particular interest to engineers for several reasons. 

In free vibrations, which occur after structures are dis- 
torted from their equilibrium positions by transient forces, it is 
the lowest-frequency natural vibration which usually has the 
largest amplitude and which persists in motion the longest. 
Therefore it is usually the motion at this natural frequency which 
is the easiest to detect. When periodic forces act on the struc- 
ture the frequencies of these forces are more likely to coincide 
with the lowest natural frequency than with the higher modes, 
since the disturbing frequencies are more often of low frequency. 
Again a periodic force can act almost anywhere on the structure 
and excite the lowest mode of vibratory motion. For the higher 
frequency modes of natural vibration there are locations in the 
structure (nodes) at which the forces can act without exciting 
any response. The amplitude of motion at resonance with the 
lowest mode of motion is usually much larger than the amplitudes 
of the higher modes of motion, since both velocity and stress 
damping are generally lower in this mode than in the higher 
modes. All these possibilities make the lowest natural frequency 
of great practical importance in many engineering structures. 
The things of particular interest are the natural frequency it- 
self and the possible amplitude at resonance if resonance occurs. 
Knowledge of the natural frequency coupled with information on 
the possible disturbing-force frequencies indicates if resonance is 
likely to occur while the structure is in use. The resonance 
amplitudes of the various parts of the structure indicate if the 
resonance condition may lead to trouble. 

The practical problem presented in calculating the motion of 
any system in its lowest frequency form is to replace the actual 
system by an equivalent simple system of one degree of freedom. 
For linear vibrations the equivalent system has the form shown 
in Fig. 1. From the actual details of the system the equivalent 
values of k, m, and damping constants must be calculated. 


4 | NHE lowest natural frequency of machines and structures 


1 Professor of Engineering Mechanics, University of Michigan. 
Mem. A.S.M.E. 

Nore: In part II of these design data on vibration problems, 
JournaL or Apptiep Mecuanics, Trans. A.S.M.E., vol. 61, Sep- 


tember, 1939, the formula for the torsional-spring constant of a 


truncated cone, given at the top of the right-hand column on p. A-129, 
should read 


3G m(dz — di) ditd:' 
321 d,3 — d;3 


The equivalent spring constant k and the equivalent mass m 
are usually easy to calculate. The damping properties are 
more difficult to evaluate and frequently they are obtainable 
only by free-vibration experiments after the structure has been 
built. The lowest-frequency vibra- 
tion of a rotor simply supported on 
two bearings is a problem which 
frequently confronts designers. 
This simple case is represented in 
Fig. 2. For many practical cases 
the weight of the shaft can be ig- 
nored, in which case the value of m 
to be used in the equivalent system, 
shown in Fig. 1, is W/g lb sec?/in. 
The value of the equivalent & is 
found by calculating the deflection 
under the load P (any convenient 
‘ load for calculation purposes) on 
the beam, abstracted from Fig. 2 
and shown in Fig. 3, assuming that 
the rotor is rigid. The deflection 
A, under the test load P, can be 
calculated by the energy method or 
graphical method which were re- 
ferred to previously.* Having 
found A in inches under the load / 
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2Vibration Problems—Part II,” 
by J. Ormondroyd, JourNnaL or AP 
Mecuanics, Trans. A.S.M.E. 
vol. 61, September, 1939, p. A-127 
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given in pounds, the equivalent spring constant k = P/ A |b per in. 

For torsional vibration the simple equivalent system is shown 
in Fig. 4 in which the equivalent torsional-spring constant k 
and the equivalent moment of inertia J are calculated from the 
actual details. As an example of a system which looks nothing 
like the one shown in Fig. 4, but which can be reduced to one 
similar to it for calculation purposes, we might take the sus- 
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pended sign shown in Fig. 5. The lowest-frequency oscil- 
lation of this sign in the vertical plane can occur enly by rota- 
tions about the pivoted suspension at A. The equivalent 
Moment of inertia J about the axis perpendicular to the plane 


of the figure through A, including the sign and the horizontal bar 
AB, is 


I= 


abcy; fa? + b? 

— et) [1] 
9 12 g 

The equivalent torsional-spring constant about the same center 


ee only the elastic effect of the diagonal suspension rod 
is 


1 


where @ is the angle between the suspension rod and the hori- 
zontal bar. In this case again the damping effects would be hard 
to predict by calculations, but easy to measure by free-vibration 
tests on the completed construction. 
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Fig. 6 shows the simple system to which pendulous structures 
can be reduced. Here the details of an actual system, such as 
shown in Fig. 7, provide the data from which the weight, moment 
of inertia about the suspension point, distance between the center 
of gravity and the suspension point, and damping characteris- 
tics are calculated. In Fig. 7 


if the amplitude of oscillation is small. 

In the vibration of the system shown in Fig. 1 under the action 
of P, a simple harmonic periodic force in the direction of its pos- 
sible motion, the forces acting on the mass m can be recorded in 
proper relationship by using Newton’s second law 


dz 
moa — oq, — + Posin of [5] 
z is measured from the position of static equilibrium and the 


damping from every source is lumped into one equivalent viscous 
damping. The complete solution of this differential equation is 


z = [A cos — + Bsin /(p* — 


2q__—w/p 


If at ¢ = 0, 2 = xz and ¢ = 4, the corresponding values of A 
and B (the constants of integration) give 
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The first term is known as the transient-motion term and dies 
away in time. Motion represented by this term is brought into 
existence at any time if the conditions and circumstances of the 
system change. The second term is the steady-state solution 
and the motion it represents exists as long as the disturbing force 
acts. 

In Equation [7] p? = k/m, gq? = c?/4m?, and Po/k is known 
as the static deflection of the system under a steady load of Po. 
Equation [7] contains the solution of motion for free vibrations 
if Pois given the value zero. It then reduces to 


If two phases of the free vibration at time ¢ and time ¢ + T 
[where 7’ = 2x/+/(p? — q*) ] are compared, the ratios of the instan- 
taneous excursions of the body from the zero position at these 
two times will be 


z= E V(p?—9@?)t + 


- [9] 


The logarithmic decrement of the system is 


The natural frequency of the system is (1/2) +/(p? — q?). 
When p = q, the system is said to have critical damping. Under 
critical-damping conditions the natural frequency is zero, that is, 
the disturbed system returns to its position of static equilibrium 
by a motion which never reverses direction. 

Now, 1/q is called the “time constant” of the system—it repre- 
sents the time which is taken for the amplitude of motion of the 
disturbed system to die down to 1/e times the first maximum 
value which occurs. 

In the steady-state motion when (w*/p?) = 1 — (2q?/p?), the 


op 1 
amplitude of motion has its maximum value — — . 
k 
For small damping the maximum amplitude occurs very near to 
Pi 
w?/p? = 1 and has the magnitude - = 


CALCULATION OF THE LOWEST NATURAL FREQUENCY 


For small values of damping the natural frequency is close to 
p/2m = (1/2x) V(k/m). Since most actual structures have very 
small damping, this last expression is very useful for approximate 
calculations of natural frequencies. 

For the system shown in Fig. 1 
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Ly? 


where k = equivalent linear spring constant, m = equivalent 
mass, and A = static deflection of system under load mg. 


In Fig. 4 
1 k 1 
2x VI 2r YA 


where k = equivalent torsional-spring constant, 7 = equivalent 
moment of inertia, and A’ = static deflection at end of a horizontal 
radius of gyration considering the whole weight concentrated there. 


In Fig. 6 


where h = distance between axis of suspension and center of 
gravity of pendulous mass; k = radius of gyration for mo- 
ment of inertia about axis parallel to suspension axis and passing 
through center of gravity; andl’ is the length of the equiva- 
lent mathematical pendulum. 


RAYLEIGH’s APPROXIMATE METHOD OF CALCULATING THE 
Lowest NatTuRAL FREQUENCIES OF MECHANICAL SysTEms 


In any freely vibrating system of bodies the sum of the various 
types of mechanical energies is always constant. Neglecting 
friction losses 

U+ T =m COR... 
where U = potential energy, and 7’ = kinetic energy. When the 
vibrating system has reached its maximum excursion from the 
position of static equilibrium, the vibratory velocity is zero and 
the entire local energy of the system is all potential energy 


When the system is moving through the position of static equilib- 


rium the entire local energy is all kinetic. Here 
This indicates that [17] 


The quantitative values of Umax and Tmax can be calculated 
for any vibrating system if the relative amplitudes of motion 
of the various masses in the system are known. Equation [17] 
gives a means of calculating p* for the system. 

In elastic systems this principle can be used in two separate, 
but closely related, ways if the “normal elastic’’ curve of the sys- 
tem isknown. The“normal élastic” curve of any system in the low- 
est frequency mode of vibratory motion is a space diagram of the 
system which shows the relative amplitudes of the various masses 
of the system and the relative distortion of all the elastic elements 
which connect the masses. It might be considered as a picture 
of the system just as it reaches its maximum displacement from the 
position of static equilibrium during the vibratory motion. All 
the masses in the system are vibrating with the same frequency 
in the same simple harmonic manner. The normal elastic 
curve gives a means of calculating the maximum kinetic energy i! 
terms of the unknown frequency and the relative amplitudes of 
motion. The same picture indicates the data necessary to cal- 
culate the potential energy stored in the elastic elements at the 
point of maximum distortion. 

The importance and usefulness of Rayleigh’s method for cal- 
culating fundamental natural frequencies lies in the fact that 
the normal elastic curve need not be known accurately. It cat 
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be drawn approximately so as to satisfy the necessary end condi- 
tions in the real system. From this approximate normal elastic 
curve an approximate value of the natural frequency can be cal- 
culated. The calculated value will always be too high, but if the 
arbitrarily chosen normal elastic curve satisfies the real end condi- 
tions and is not too badly distorted, the calculated frequency 
will be close to the actual value. 


An elastic beam of constant cross section simply supported 
on two bearings at its ends can execute an infinite number of 
modes of free vibration about its position of static equilibrium. 
The lowest frequency mode of motion will have a normal elastic 
curve such as shown in Fig. 8. This curve satisfies the condi- 
tions that the amplitude of motion at the supports must be zero 
and it has the general shape of the beam at its maximum excur- 
sion from the line of static equilibrium, which is represented 
here by the straight line between the two supports. Analytically 
this normal elastic curve could be described quantitatively ap- 
proximately by several functions. Among them, the following 
would be possible 


we 


The vibratory motion at any point z along the beam then could 
be given as 


The total maximum kinetic energy of all the particles in the beam 
will be 


The total maximum potential energy of strain in the entire beam 


Is 
1 2 
1 O*y 
2 (2 [21] 


Tmax Will contain p? and Umax Will not; 
tion Tmax = Umax can be solved for p’. 
For y = yosin (xz//)sin pt 


therefore, the equa- 


1 yA 
Tmax = sin? —dz......... [22] 
29 J0 
1 
U wie - El — sin? — dz......... 23! 
2 Yo sin l [ 
and 
sin? — dz 
‘EI 


The frequency is seen to be independent of the actual value of yo. 


A-37 


METHOD FOR CALCULATING NATURAL 


FREQUENCIES 


Sratic-DEFLECTION 


Rayleigh’s method can be applied with the static deflection 
of the system used in the place of the normal elastic curve. Fig. 9 


Fie. 9 
shows a system in which this procedure can be used. The 
displacement of each mass is assumed to be 
1W 
29 
and 
Pp 


In this method the actual values of the static deflection of 
each body are used for the A,. These are best found by means 
of graphical integration. For the case of a single body this 
method gives the same result as Equation [11]. 


NATURAL FREQUENCIES OF PENDULOUS BoDIEs 


Rayleigh’s method is useful for pendulous bodies also. In 
these cases the kinetic energy consists of two parts—the linear 
kinetic energy of the oscillating mass associated with the linear 
velocity of the center of gravity and the kinetic energy of the 
body rotating about an axis perpendicular to the plane of motion 
and passing through the center of gravity. The potential energy 
depends on the weight of the body and the height of the center of 
gravity above the lowest possible position it can have. 


Fie. 10 


Fig. 10 shows half of a circular cylinder rolling on its cylindrical 
surface. The natural frequency of its oscillation can readily be 
found by the energy method. 

The mass of the semicylinder is 
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The coordinates of the center of gravity using the position of 
static equilibrium as the origin are 


[30] 


in which y is the radial distance between the center of the cylinder 
and the center of gravity and @ is the angle through which the 
semicylinder has rolled. 

The oscillation of the cylinder is 


= — y cos ... [da] 


The linear velocity of the center of gravity is v and 


v? = [(r — y cos 6)? + sin? 6?........... [35] 
and 
Tmax = (r — + [37] 
= = 
Umax = mgy(1 — cos = 5 mgyO?......... [38 } 
From this 


[39] 


m(r — y)? + to 
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AMPLITUDE AT RESONANCE-——ENERGY METHOD 


Wherever the energy lost per cycle can be calculated or meas- 
ured and expressed as a function of the amplitude of motion, it is 
possible to estimate resonance amplitudes of motion. Whenever 
a force P = Po sin wt acts on a body of one degree of freedom, 
it causes a motion z = 2 sin (wt —¢). The energy put into the 
moving body during each cycle is W = wPot sin ¢. At reso- 
nance, if the damping forces are not large, sing = 1. There- 
fore, the maximum value of energy input per cycle occurs at 
resonance and is 


The energy lost per cycle, in any system that can be dis- 
turbed in its lowest-frequency vibration, can be measured from 
the free vibration record if the original store of potential or 
kinetic energy can be estimated. If this energy loss per cycle is a 
function of z»such as W = mx", the amplitude at resonance will 


be 


1 
-1 
P. n 
..... 
m 
This method leads to an indeterminate result when n = 1; 


n has this value in the case of pure Coulomb damping where the 
output per cycle is W = 4F 2, in which F is the friction force. 
If a system could have pure Coulomb friction with no other 
type of damping present, its amplitude at resonance would ap- 
proach infinity (mathematically speaking). 

For some types of damping, such as that caused by viscous 
friction forces or internal stress damping, it is possible to calculate 
the over-all loss of energy per cycle as a function of Zo. In such 
cases estimates can be made of amplitudes at resonance before 
the structure leaves the design stage. 
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Discussion 


The Forces Required for Rolling Steel 
Strip Under Tension’ 


W. O. Ciinepinst.? The author’s solution of the differential 
equation of rolling by assuming the surface friction to be pro- 
portional to the slip velocity presents excellent possibilities. 
As well as giving distributions of contact pressures which closely 
approach those obtained experimentally by E. Siebel and W. 
Lueg,’ it results in an expression which has the distinct advantage 
of being a continuous algebraic function from which expressions 
for the separating force and rolling moment can be obtained 
by direct integration. Such expressions coordinated to existing 
rolling-mill test data would certainly be of great value to rolling- 
mill designers. 

Dr. N&dai is to be highly commended for his thorough analysis 
of the problem of rolling and has contributed much toward its 
further development. 


Creep, Elastic Hysteresis, and Damp- 
ing in Bakelite Under Torsion* 


A. L. Kimpauu.¢ It seems to the writer that the agreement be- 
tween the specific damping capacity in the dynamie and static 
tests is very good indeed. This brings out more clearly than 
ever that the damping effect in the case of a vibration is of the 
same character as the hysteresis phenomena observed by the 


TABLE 1 
Log dec Specific damping 
Material é capacity, ¥ 
Rubber, 90 per cent pure®................ 0.26 0.13 
Aluminum, 0.0034 0.0017 
Swedish iron, annealed..............+.00+ 0.0079 0.00395 
Phosphor bronze, annealed............--- 0.0032 0.0016 
Mild steel, 0.0049 0.00245 
Molybdenum, swaged..... 0.0069 0.00345 
Nickel steel, 3!/2 per cent swaged.......... 0.0023 0.00115 
Phosphor bronze, cold-rolled to maximum 


Vibration test. 


authors in their static tests. Furthermore, it shows that the 
speed with which the strain cycles are executed has practically 
no effect on the frictional loss per cycle. 

In Table 1 is given a series of values of the specific damping 


1 By A. Nddai, published in the June, 1939, issue of the JouRNAL 
oF Apptiep Mecnanics, Trans. A.S.M.E., vol. 61, 1939, p. A-54. 

* Consulting Mechanical Engineer, Pittsburgh, Pa. Jun. A.S.M.E. 

*“Untersuchungen iiber die Spannungsverteilung im Walzpalt,” 
by E. Siebel and W. Lueg, Mitteilungen aus dem Kaiser-Wilhelm- 
ne fiir Eisenforschung zu Diisseldorf, vol. 15, 1933, Report No. 

* By Herbert Leaderman, published in the June, 1939, issue of the 
— or Apptrep Mecuanics, Trans. A.S.M.E., vol. 61, 1939, p. 

-79. 

t Engineering General Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 


capacity of a number of materials, as obtained by a special method 
described in reference (5). 

Recent papers bearing on this subject which have interested 
the writer considerably are referred to at the close of this dis- 
cussion. The papers by Zener represent the viewpoint of a 
mathematical physicist and are decidedly analytical in character. 
Nevertheless, it seems that they deserve careful study by the 
serious worker, in this field, who is mathematically inclined. 
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Numerical and Graphical Method of 
Solving Two-Dimensional Stress 
Problems’ 


L. F. RicHarpson.? Besides the work of Thom, to which the 
authors refer, there is a much earlier paper® by the present 
writer where the same differential equation is treated, though 
without the conformal mapping used in this paper. Again the 
problem of the tension member with semicircular notches was 
treated long ago by a graphical method for drawing the contours 
of the stress function. The former of these two old papers has 
been consistently ignored by later writers on similar subjects, 
who include Thom, as aforesaid, Southwell,5 and Temple.* 


AvuTHorRs’ CLOSURE 


The authors wish to thank Dr. Richardson for calling their 
attention to his papers on the use of finite differences in problems 
involving partial differential equations. The paper by Messrs. 
R. Weller and G. H. Shortley which appears in the same issue 
of the JourNAL or AppLieD Mecuanics (page A-71) refers to 
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in the June, 1939, issue of the JouRNAL oF APPLIED MECHANICS, 
Trans. A.S.M.E., vol. 61, 1939, p. A-63. 

? Principal, Paisley Technical College, Paisley, Scotland. 

3“The Approximate Arithmetical Solution of Finite Differences of 
Physical Problems Involving Differential Equations, With an Ap- 
plication to the Stresses in a Masonry Dam,” by L. F. Richardson, 
Philosophical Transactions of the Royal Society of London, 1910, 
vol. 210, pp. 307-357. 

4“The Approximate Soluticn of Various Boundary Problems by 
Surface Integration,” by L. F. Richardson, Proceedings of the 
Physical Society of London, 1911, vol. 23, pp. 75-85. 

5 ‘*Relaxation Methods Applied to Engineering Problems. III. 
Problems Involving Two Independent Variables,’’ by D. G. Christo- 
pherson and R. V. Southwell, Proceedings of the Royal Society of 
London, series A, vol. 168, p. 317. 

6 The General Theory of Relaxation Methods Applied to Linear 
Systems,” by G. Temple, Proceedings of the Royal Society of Lon- 
don, series A, vol. 169, pp. 476-500, 1939. 
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the method as due to H. Liebmann.’? Dr. Richardson’s papers, 
antedating Liebmann’s treatment by some nine years, clearly 
establish his priority. 


A Theory of Flexure for Beams With 
Nonparallel Extreme Fibers’ 


J. N. Gooprgr.? The stress distributions discussed by the 
author are of the plane-stress type. They are based on the 
supposition that the three components of stress (¢,, T,) Te); 
which might be found on the plane faces of the uniform plate are 
zero throughout. This will, as a rule, be reasonably close to the 
truth only for thin plates. It has been widely supposed that 
Filon’s “generalized plane stress’ offers some escape from this 
restriction, but it can be shown that generalized plane stress has 
actually no wider range than simple plane stress.? This question 
of thickness arises in the paper in the application to the bend of a 
rigid frame, with a curved inner flange. The flanged part cannot 
be regarded as thin. Nevertheless we should not expect the 
three stresses which are neglected to have appreciable magnitude 
when the loads merely cause bending, and the agreement of the 
author’s results with test results appears to confirm this point of 
view. His success with this problem seems to dispose of a struc- 
tural element which has hitherto been difficult to deal with in a 
convincing manner. 


F. C. Roop.‘ In connection with the author’s example of the 
application of his theory to a plate girder with nonparallel flanges, 
it is of interest to examine the values of the principal stresses and 
of the maximum shearing stresses. Since a force applied in any 
direction at the edge of the wedge produces no shearing stresses 
on radial and circumferential elements, it is only in the case of 
loading by a couple that the radial stresses given by the author 
are not themselves principal stresses. 

For couple loading, expressions for the algebraically greatest 
principal stress and the maximum shearing stress are found by 
substituting from the author’s Equations [20] and [21] (together 
with og; = 0) in the well-known formulas for these quantities. 
By differentiating these expressions with respect to 6, equating 
the derivatives to zero, solving the resulting equations, and dis- 
carding those solutions which either correspond to minima or give 
values of 6 greater than a, expressions are arrived at which give 
the value of the coordinate @ at which the greatest values of the 
quantities in question occur. The algebraically least principal 
stress for any @ is the negative of the greatest principal stress for 
—4, because of the symmetrical nature of the stress distribution 
about the polar axis. 

The analysis, according to the foregoing procedure, of the ex- 
pression for the greatest principal stress op; shows that no solution 
of dep3/00 = 0 corresponding to a maximum of a»; can be found 
which gives @ less than a unless a > a,, where 


1 
a, = — tan“! 
4 tr J’ 


7*“Die Angenaherte Ermittelung Harmonischer Funktionen und 
Konformer Abbildungen,’’ by H. Liebmann, Sitzungberichte der 
Bayerischen Akademie der Wissenschaften zu Miinchen, Mathe- 
matische Physikalische Klasse, 1918, p. 385. 

1 By William R. Osgood. Published in the September, 1939, issue 
of the JournNaL or AppLiep Mecuanics, Trans. A.S.M.E., vol. 61, 
1939, p. A-122. 
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?“On the Problems of the Beam and the Plate in the Theory of 
Elasticity,’’ by J. N. Goodier, Transactions of the Royal Society of 
Canada, vol. 32, 1938, pp. 65-88. 
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221/, deg < a, < 45 deg...[1] 
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Consequently, when a < a,, the greatest value on any one circu- 
lar-cylindrical section occurs at @ = a. When a = a,, the analy 
sis shows that the value y of the coordinate 6 at which the maxi- 
mum of gp; occurs is given by 
1 
== cos"! 221/,deg <p S 45deg... [2] 
2 4s 
where s = (2A,/tr) sin 2a — cos 2a. 

Substituting in the expression for op); the value of @ at which 
the maximum of o); occurs gives the maximum principal stress 
ops max. The resulting expressions for ops max/or3 max = B (see 
following the author’s Equation [20]) are 


For @ S a, 


(3a) 
For a, < a S 45 deg 
[3b] 
2 sin 2a 
For 45 deg S @ S 90 deg 
B= sin 2¥(1 — sec 4y).............. 


These results are shown in Fig. 1 of this discussion, in which the 
A, 


- (relative flan 

A; tra ( 
area) should be regarded as two independent variables. Each 
point in the figure represents a plate girder having values of a and 


coordinates a (half wedge angle) and 


B = 
Or 3maox 
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(Values of relative flange area and of half wedge angle for different values o! ; iner 
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shaped plate girder loaded by a couple.) ' In 
Simila 
A,/(A; + tra) given by the coordinates of the point, and lies on greate 
some curve B = const, which gives the value of B for this plate | sect, 
girder. The dashed line represents plate girders for which a= | B ~ 
a. (see Equation [1] of this discussion). (Equs 
As an example, a plate girder of half wedge angle 22.92 det | ~ 
A 
(a = 0.4), with 55 per cent of its area in the flanges ee | 
thi 
= 0.55 } is seen to have a maximum principal stress 20 per cent i? | ing th 
| Point 
excess of the maximum radial stress (B = 1.2); furthermore, thi | —¢ on 
maximum principal stress occurs at @ = a, just inside the junctio | : 
between the (concentrated) flange and the web, since the rept 


sentative point for this girder lies to the left of the dashed line. 
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DISCUSSION 


For a 2 45 deg, the curves B = const in Fig. 1 also represent 
y = const, the correspondence being as follows: 


B y, deg B y, deg 
1.001 43.78 1.3 29.98 
1.050 36.82 1.4 28.93 
1.100 34.30 2.0 26.05 
1.200 31.57 5.0 23.63 


Dividing the values of f3/o-3 max (see third equation following 
the” author’s Equation [20]) by B gives values of f3/ops max. 


L6} 


02 a4 0.6 os 

Fic. 2. Coupte-LoapInGg CurRvVES 


(Ratio of maximum stress by the ordinary beam theory to maximum princi- 

pal stress by the wedge theory for all values of relative flange area and for 

different values of the half wedge angle of a wedge-shaped plate girder loaded 
by a couple.) 


These are plotted in Fig. 2 of this discussion. By taking the same 
example previously given in this discussion, it is seen that while 
_ the maximum fiber stress by the ordinary theory is only 2.2 per 


» cent (see Fig. 4 of the paper) less than the maximum radial stress 


by the present theory, it is 18.5 per cent less than the maximum 
| principal stress by this theory, shown in Fig. 2 of this discussion. 

' The concurrence of the curves in Fig. 2 at the point (1, 0) is due 

i to the fact that, as the relative flange area approaches 100 per 
_ cent, the web becomes vanishingly thin, and the shearing stresses 
i increase without limit. 

In the case of the maximum shearing stress 7,3, an analysis 
similar to the foregoing one in this discussion shows that the 
Greatest value (rp3 max) Of rps On any one circular-cylindrical 

) Section occurs at the polar axis (@ = 0) in case a2a,, where, for 

18 = const (see Fig. 1 of this discussion), «, is related to a, 

; (Equation [1] of this discussion), by the expression 


In this case, the value of rps max is equal to T193 max (see follow- 
ing the author’s Equation [21]), since no normal stresses act at 
Points on the polar axis (Equation [20]}). When a < a, the value 
Of t53 max is given by 
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and occurs at 6 = a; see Equation [3a] of this discussion. 

The dotted line in Fig. 1 of this discussion represents plate 
girders for which @ = a,, and in the region to the left of this line, 
the curves B = const are also curves for S = const, the corre- 
spondence being as follows: 


B S B S 
1.000 0.500 1.3 0.615 
1.001 0.501 1.4 0.643 
1.050 0.524 2.0 0.750 
1.100 0.545 5.0 0.900 
1.200 0.583 


It is interesting to note that when a = a,, rp3 is independent of 8. 

It must be remarked that in the case of a plate girder, the load 
on which is equivalent to forces at the edge of the wedge in addi- 
tion to a couple, the foregoing results cannot be directly applied. 
This is true because the principal stresses will not in general act 
in the same directions in the combined case as in pure couple load- 
ing, and consequently they cannot be computed for the combined 
case by simple addition of their values for the cases which are 
superposed to produce the combined case. 


AUTHOR’s CLOSURE 


The author is indebted to Mr. Goodier for pointing out ex- 
plicitly some of the limitations of the theory of plane stress when 
applied to cases in which the components of stress in a direction 
normal to the “plane of stress’”’ are not all zero. These com- 
ponents were considered implicitly, but it would have been well 
to mention them. 

Mr. Roop has gone as far as it is practicable to go in considering 
maximum normal and shearing stresses in the literal solution. 
His discussion adds welcomed completeness to the paper. 


Clamped Rectangular Plates With a 
Central Concentrated Load’ 


Everett O. Waters.?. The author has made a very interest- 
ing use of successive-approximation methods in solving a set of 
linear simultaneous equations. During the last year, the writer 
was confronted with the task of solving sets of such equations in 
connection with the general problem of pressure distribution in a 
journal-bearing oil film, and found that when the set contained 
more than four equations he could get better accuracy and speed 
by successive approximation than by the “precise” methods 
usually taught in algebra textbooks. 


TABLE 1 SUCCESSIVE-APPROXIMATION EQUATIONS 
FIRST APPROX. r| + 12s] + + + +..... = 
SECOND APPROX. 2ir + 8] 4° + + 25v/ +..... = 02 
THIRD APPROX. 3lr + 32s + + + 35v/ + ..... = 03 
FourtH approx. 4ir + 42s +43t + ul + +..... = Ob 
FIFTH APPROX, 5ir + 52s + 53t + + vi + ..... = 05 


4-6 
“eee 
eee 


Briefly, the equations had the form given in Table 1 of this dis- 
cussion. They are characterized by unity coefficients on a major 


1 By Dana Young. Published in the September, 1939, issue of the 
JourNAL oF AppLieD Mecnanics, Trans. A.S.M.E., vol. 61, 1939, 
p. A-114. 

2 Associate Professor of Mechanical Engineering, Yale University, 
New Haven, Conn. Mem. A.S.M.E. 
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diagonal; all other coefficients are less than unity and rapidly 
approaching zero in directions downward and to the right from 
the major diagonal. 

In these equations, the digits are not numbers in the conven- 
tional sense, but are position symbols for numbers that have given 
values less than unity. For the first approximation, one upper- 
left term only is used, and r = 01; for the second approximation, 
four upper-left terms are used; for the third, nine upper-left 
terms, etc. To obtain any approximation after the first, the 
values of the unknowns from the last preceding approximation are 
substituted in the lowest equation considered, and this equation 
is solved for the last unknown occurring in it; then the next higher 
equation is solved for the next last unknown, and so on until the 
highest equation and the first unknown are reached. For ex- 
ample, if the second approximation gives r = rz, s = s2, then the 
third approximations are 


ts = (03) — (81) (r2) — (82) (s2) 
83 = (02) — (21)(r2) — (28) (ts) 
rs = (01) — (12) (ss) — (13) (4) 


After as many approximations have been made as there are un- 
known quantities, the method may be repeated successively for 
the full set of equations until the desired refinement of accuracy 
has been attained. 

One great advantage of this method lies in the fact that all divi- 
sion is eliminated; consequently, there is complete avoidance of 
the accumulation of errors caused by dropping significant figures 
of doubtful importance, as happens when “‘precise”’ methods of 
solution (other than the unwieldy determinantal method) are 
used. The rapidity with which the approximations converge— 
if indeed convergence exists—must of course depend upon the 
relative values of the coefficients. This involves a mathematical 
investigation which the writer has not yet had time to make in 
general terms, although it appears that the only absolute require- 
ment in the special case of two unknowns is 


1 > (21)(12) > —1 


It is always possible, and easy, to check any computation by 
substitution in the left side of each equation and comparison of 
the resulting sum with the corresponding right side. In every 
case where the writer has used the successive-approximation 
method this check has been made, and the comparison has been 
surprisingly good. 


R. L. Moore.? Because of the author’s reference to an ex- 
perimental investigation‘ paralleling certain phases of his analyti- 
cal study, it would have been of interest if comparisons had been 
made where possible between the results of the tests and his 
theory. Such comparisons would have revealed two interesting 
differences: 


3 Research structural engineer, Aluminum Research Laboratories, 
Aluminum Company of America, New Kensington, Pa. 

4“‘The Behavior of Rectangular Plates Under Concentrated 
Loads,”’ by R. G. Sturm and R. L. Moore, JouRNAL oF APPLIED 
Mecuanics, Trans. A.S.M.E., vol. 59, 1937, p. A-75. 
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1 That the maximum stresses observed in the tests were 
found directly under the concentrated loads applied and not at 
the edges of the plates as the author" has indicated. 

2 That the stresses under the loads were very sensitive to the 
degree of load concentration, a factor which the author has not 
considered. 

Except in cases where a plate is continuous over a number of 
panels, similarly loaded, a condition of 100 per cent fixity at the 
edges is usually difficult to obtain. In the tests referred to,‘ the 
edges of the aluminum-alloy plate specimens were clamped be- 
tween pairs of 7 X 3!/2 X 1-in. steel angles, thereby providing ap- 
parent degrees of edge fixity for the '/,-in. and 1-in-thick plates 
of 90 and 65 per cent, respectively. Having measured stresses 
and deflections under the load for both simply supported and 
clamped edges, however, it should be possible to estimate by pro- 
portion the corresponding values for completely fixed edges. 

Table 2 of this discussion gives a summary of maximum meas- 

ured stresses and deflections for four different sizes of aluminum. 
alloy plates with central loads distributed over a 2 X 2-in. area, 
taken from the experimental investigation previously referred to.‘ 
Included with these data are estimated values for completely 
fixed edges and the corresponding computed maximum stresses 
and deflections obtained from the data given in the author’ 
paper.' As will be noted, the computed stresses at the edges o/ 
the plates ranged from only 37 to 53 per cent of the values esti: 
mated at the center, directly under the load. Obviously the 
author’s solution does not give the maximum bending moments 
as he so states. The computed stresses given in Table 2 of thi 
discussion are in fair agreement, however, with those measured 
near the edges of the plates tested, where the effect of the degre 
of load concentration is not significant. The center deflection: 
are likewise not sensitive to load concentration and consequent! 
the computed values given in Table 2 are in reasonably clos 
agreement with the measured values. 


A. Ndpat® The solution of the problem of the clampec| 
rectangular plate carrying a single concentrated load in its cente’ 
was expressed by a sum of three elastic surfaces 


w= + + UV; | 


in which the first term w, was identified with the elastic surface, 


a rectangular plate carrying a concentrated load P in the cente| — 


and satisfying Navier’s boundary conditions w; = 0 and 


Ow, 0 
= dy? = 
along the edges. This first portion of the solution contains: 
singularity at the center of the plate, where the bending momet! 
become logarithmically infinite, while the terms w, and w; bat 
no singularities in the interior or along the edges of the plate. ! 


may be of interest to note that w; is an important solution oft! — 


Consulting Engineer, Westinghouse Research Laboratories, 
Pittsburgh, Pa. Mem. A.S.M.E. 


TABLE 2 STRESSES AND DEFLECTIONS IN RECTANGULAR PLATES UNDER CENTER CONCENTRATED LOAD 


All sides simply 
——suppo 


Measured’ Measured’ Measured? 
Load,@ stress, lb deflection, stress, lb 
Plate size, in. lb per sq in. in. per sq in 
1.062 48 X 96 10000 19800 0.308 17800 
1.062 . 48 X 72 10000 21500 . 296 19200 
xX 48 X 48 10000 19600 18100 


* Load concentrated on 2 X 2-in. area. 
6 Measured under load. 


¢ Determined from slopes measured at edge for simply guoperted and clamped edges. 
} oad) for simply supported and clamped edges. 
[13] and [14], using values of a and @ given in 


@ Estimated by proportion from measured values (under 
ted from Equati 


All sides clam 


Computed¢ Compute’ 


Measured> Measured‘ Estimated¢? Estimated? stressat 
deflection, edge stress, lb deflection, edge, lb under 
in. fixity, %  persqin. in. per sq in. load, 2 
0.225 65 16700 0.180 8900 0.151 
0.213 65 18000 . 168 8600 0.14 
0.157 65 17300 0.126 6700 0.11 
0.273 90 16100 6 a 


Zero slope corresponds to 100 per cent fixity. 
‘able 4 of Young's paper (see footnote No. 1), 


All sides clamped, 100% edge fixity —— 
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DISCUSSION 


theory of flat plates, deserving of being utilized. Bergstrisser® 
has developed exact means for computing not only the values of 
w;(, y) but also of the bending moments corresponding to this 
elastic surface for any position of the concentrated load. Infinite 
series representing the moments in the case of a concentrated 
load are known not to converge well. In the paper quoted,® use 
of a remarkable property of a special case of w,(z, y) was made. 
This latter occurs when in the rectangular plate one pair of the 
sides becomes infinite (6 = ©). For such a rectangular plate, 
that is for an infinitely long strip of the width a which is loaded by 
a concentrated force P in the interior and which is satisfying the 
boundary conditions w,; = 0 and Aw, = 0, it is possible to com- 
pute the bending moments by finite expressions, because they 
depend on the surface Aw, and on the derivatives of Aw,. This 
surface Aw, being a harmonic function (Green’s function for the 
infinitely long strip) can be constructed by conformal mapping. 
Several cases were computed by Bergstrasser.* 


Fic. 1 CuamMpep Piate Having Two REcTANGULAR CORNERS 

The problem of the clamped rectangular plate has been the sub- 
ject of a series of important investigations during the last decades, 
both by mathematicians and engineers, and further attempts to 
express the results of these investigations in a convenient manner 
for the direct use in engineering applications, as in the paper 
under discussion, must be particularly commended. 

There isanother interesting side of the problem of the rectan- 
gular plate with clamped edges which, it seems to the writer, 
would deserve some attention and which possibly is ready for an 
analytical attack. The mathematical nature of the solution of 
AAw = f(z, y) around a plate corner having two built-in edges 
has to the knowledge of the writer never been clarified sufficiently 
or more fully discussed. I believe that W. Ritz’ in one of his early 


_ studies on clamped plates made the remark that it may not be 


pessible around a corner with clamped edges to develop a solution 


_ of \Aw = Oor = f(z, y) into an infinite series of terms not unsimi- 


lar to those used in the case when along the two edges the cond: 
tions w = Oand Aw = 0 have to be satisfied. Ritz did not use 
infinite series, but a finite number of terms. In other words, it 
would be of considerable theoretical interest to know more defi- 
nitely whether Ritz is right or whether on the contrary a particular 
solution of AAw = 0 or of AAw = f(z, y) can be constructed or 
found, which would satisfy the conditions w = 0 and dw/dn = 0 
along perpendicular curves. One suggestion for mathematicians 
who might possibly become again interested in some of these 
questions will be mentioned. By searching for an example among 
the known particular solutions of Aw = 0 and of AAw = 0 when 
expressing them by means of the curvilinear bicentric coordinates 
derived from certain transformations used in the theory of con- 
formal mapping, it may perhaps be’ possible to satisfy the previ- 


) ously mentioned boundary conditions along two circles which are 


perpendicular to each other. 
> formly loaded plate which has two circles for the edges and only 


If the elastic surface of a uni- 


» two rectangular corners, as shown in Fig. 1 of this discussion, in 


*“Versuche mit freiaufliegenden rechteckigen Platten unter Ein- 


) zelkraftbelastung,” by M. Bergstrasser, Forschungs auf dem Ge- 


Suisse de Physique, by Gauthier-Villars, Paris, 1911. 


biete des Ingenieurwesens, V.D.1., Heft, 302, 1928. 
™“Gesammelte Werke,” by W. Ritz, published for The Société 
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which the conditions w = 0, Ow/On = 0 would have to be satis- 
fied, could be established, the question would be answered. 
Means which were recently developed by Jeffery,’ Mindlin,® and 
others could be utilized and seem to be available for this purpose. 


AvuTHOR’s CLOSURE 


In his discussion, Professor Waters has given an interesting il- 
lustration of the use of a successive-approximation procedure for 
solving simultaneous equations. The author agrees that, in 
cases where the approximations converge rapidly, this method is 
superior to the so-called “precise” method. Dr. Nd&dai has made 
some valuable suggestions regarding further mathematical in- 
vestigations for clamped plates. It is to be hoped that these may 
be followed up. 

It would appear that: Mr. Moore has misunderstood the results 
given in the paper. The moments given by Equation [14} are 
maximum edge moments and it is not stated nor implied that these 
are greater than the moment at the center under the concentrated 
load. The stresses in a plate at a concentrated load depend upon 
the area over which the load is distributed and upon the thickness 
of the plate. Since this problem has been treated at length by 
numerous investigators, as for example, Nddai,!° Timoshenko," 
Westergaard,'? Holl,!* and Woinowsky-Krieger,' it was not be- 
lieved necessary to discuss the problem in this paper. In these 
references will be found values for the moments or stresses at a 
concentrated load for a simply supported plate which corresponds 
to the elastic surface w, as defined by Equation [3} in the paper. 
Then the results for a clamped plate are obtained by adding to 
the foregoing values the moments at the center corresponding to 
the functions w, and w; given by Equations [4] and [5]. Thus, 
from w., we find 


y=0 
1 
> = (1 — a, a, 
= A,(—1) 2— 
m =1,3,5... cosh a,, 
O*wWe 
M 
vy=0 
- v) tanh 
m-1 5 v) a,, tanh a,, » 
A,(—1) 2 — 
m= 1,3,5... cosh a,, 


The corresponding expressions for w; are similar. From these 
expressions can be found the desired center moments. For ex- 
ample, for a square plate, we find that the moment at the center 
due to the applied edge moments is —0.0536P. This is to be 


8‘*Plane Stress and Plane Strain in Bipolar Coordinates,” by G. 
B. Jeffery, Philosophical Transactions of the Royal Society of Lon- 
don, series A, vol. 221, November, 1920, pp. 265-293. 

* “Gravitational Stresses in Bipolar Coordinates,” by R. D. Mind- 
lin, Proceedings of the Fifth International Congress for Applied 
Mechanics, Cambridge, Mass., 1938, pp. 112-116. 

10 ‘Die elastischen Platten,’’ by A. NAdai, J. Springer, Berlin, 1925, 
pp. 62 and 308. 

n “Uber die Biegung der allseitig unterstiitzten rechteckigen Platte 
unter Wirkung einer Einzellast,”” by 8S. P. Timoshenko, Der Bauinge- 
nieur, vol. 3, 1922, p. 51. 

12 ‘Computation of Stresses in Bridge Slabs Due to Wheel Loads,” 
by H. M. Westergaard, Public Roads, vol. 11, March, 1930, p. 8. 

13 ‘Analysis of Thin Rectangular Plates Supported on Opposite 
Edges,” by D. L. Holl, Bulletin 129, Iowa Engineering Experiment 
Station, December, 1936. 

14“Der Spannungszustand in dicken elastischen Platten,’ by 8. 
Woinowsky-Krieger, Ingenieur-Archiv, vol. 4, 1933, p. 305. 
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added algebraically to the moment due to the load on a simply 
supported square plate to get the total moment at the center of 
a clamped square plate. 

It may be of interest to compute the center moment for one of 
the experimental plates cited in Mr. Moore’s discussion. Take for 
example the 1.062 X 48 X 48-in. plate with a central concentrated 
load of 10,000 lb. For a simply supported square plate with a 
central concentrated load distributed over a circle of radius c, 
Timoshenko,'! assuming that Poisson’s ratio is 0.3, gives the 
moment at the center as 


(0.108 log + 
c 
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in which expression a indicates the length of the side of the 
plate. 

In the experimental plate the load was distributed over an area 
2 X 2 in. square. It seems reasonable to assume that ¢ may be 
taken as the radius of circle whose area is 4.sq in. Then we find 
the center moment equals 0.371P and the bending stress o = 
6M/h? = 19,700 lb per sq in., which compares with the experi- 
mental value of 19,600 lb per sq in. Then for the same plate 
with clamped edges we have the center moment M = 0.371P 
— 0.0536P and the bending stress ¢ = 16,900 lb per sq in., 
which compares with the experimental value of 17,300 Ib per 
sq in. 


Book Reviews 


A History of Science 


A History oF ScrENCE, TECHNOLOGY AND PHILOSOPHY IN THE 
EIGHTEENTH CENTURY. By A. Wolf. The Macmillan Company, 
New York, 1939. Cloth, 6 X 93/4 in., 815 pp., 345 illustrations, 
$8. 


REVIEWED BY J. ORMONDROYD! 


N 1935 The Macmillan Company published Professor Wolf's 
“History of Science, Technology and Philosophy in the 
sixteenth and seventeenth centuries.’’ Professor Wolf stated in 
the preface to that volume that it was only the first of four simi- 
lar works to appear. The other three were to cover the same 
ground for the eighteenth century, the nineteenth century, and 
the ancient and medieval periods. The subject of this review 
is the second volume of the promised series. In external and 
internal appearance it is the exact twin to the first volume; but 
it contains 122 more pages of printed matter in order to cover the 
greater wealth of material offered by the eighteenth century. 
The numerous illustrations, depicting the prominent actors in 
the scientific drama and their work, along with the enormous 
number of citations from the original-source papers and pub- 
lications, will make this completed work a ‘gold mine’’ for fu- 
ture historians of science. 

The subject matter is arranged in five groups. The first in- 
cludes mathematics, mechanics, astronomy, and closes with a 
discussion of astronomical and marine instruments developed 
during the eighteenth century. Next follow four chapters on the 
physical sciences of light, sound, heat, electricity, and magne- 
tism. The section on the sciences is concluded by nine chapters 
which cover meteorology, meteorological instruments, chem- 
istry, geology, geography, botany, zoology, and medicine. 

The next seven chapters are of exceptional interest to an engi- 
neer, since they deal with the technological advances made during 
the eighteenth century. The chapters in this group discuss 
agriculture, textiles, building, transport, power plant, and ma- 
chinery, the steam engine, mining and metallurgy, industrial 
chemistry, the making of lenses and specula, mechanical calcu- 
lators, telegraphy, and other important technical activities which 
are not named in the chapter headings. 

The last five chapters of the book review the eighteenth-century 
writings on psychology, social sciences, and philosophy. 

From the purely scientific point of view, the eighteenth century 
was an “in-between” century. It was kept busy extending and 


1 Professor of Engineering Mechanics, University of Michigan, Ann 
Arbor, Mich. Mem. A.S.M.E. 


completing the work which the masters of the previous century 
had started. It also was preparing the ground for the magnifi- 
cent generalizations in electricity, thermodynamics, and chem- 
istry which were to appear in the nineteenth century. Men like 
Copernicus, Kepler, Galileo, and Newton stood out like giants 
in the sixteenth and seventeenth centuries, their achievements 
were such that whole chapters had to be devoted to their work 
in the earlier volume. No single individual in the eighteenth 
century was important enough by himself to be the subject of a 
separate chapter in the present book. 

If the century was lacking in “‘stars,’’ it more than made up for 
that in its awakening “humanism.”’ The eighteenth century saw 
the beginning of a conscious effort to enlighten everyone as to the 
results of the new thought. The urge which ultimately led to 
almost universal education started in this “age of enlightenment 
and reason.’’ Science and technology began a very conscious 
cooperation in that century. In that century technology took 
such a vigorous new start in utilizing natural energy to replace the 
physical work of man and beast, and in devising mechanisms and 
processes for manufacturing things useful to man, that we desig- 
nate it the birth century of the ‘industrial revolution.”  Pro- 
fessor Wolf's introductory chapter draws in broad outline the 
character of that century so full of glorious dreams for a happy 
future. These dreams were never fully realized and in our own 
century some of them are farther from realization than they were 
then. 

Perhaps the most interesting section of the book for our pro- 
fession deals with the emergence of the modern engineer. Most 
of our early predecessors were mechanics untutored in the schools 
that existed. From their own native intelligence and experience 
they built roads, bridges, lighthouses, machinery, and devised 
processes. They often provided the stones with which nineteenth- 
century science was to build. Two such men were typical and 
deserve mention for their importance in introducing the scientific 
method into practical affairs. 

John Smeaton (1724-1792) is mentioned in eleven different 
places in this volume. ‘He was at once a craftsman, consulting 
engineer, and man of science—all of high order.” He built de 
vices for measuring the expansion of solids, improved the string 
hygrometer, anticipated Franklin in constructing the lead-coated 
glass plate condenser, consulted on bridge construction, and built 
lighthouses. But he is interesting mainly for his careful exper 
mental work on the efficiency of water wheels, windmills, and 
pre-Watt steam engines and for his studies of energy storage @ 
flywheels. In his studies of windmills, water wheels, and flywheels 
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he made use of the exceedingly modern device of models and 
anticipated Langley’s rotating-arm ‘‘wind tunnel.’’ Smeaton’s 
studies permitted him to raise the efficiency of the Newcomen 
engine from around 0.4 to 1.1 per cent, which was about the best 
that the pre-Watt engines ever did. He improved the efficiency 
of both water wheels and windmills also. 

The careless modern reader might ask why Smeaton did not 
deduce his results (at least on water wheels) from the existing 
Newtonian mechanics. The answer to that is that the New- 
tonian mechanics of his day were not prepared to give him the in- 
formation he wanted. It was almost a hundred years after 
Smeaton’s heyday that both mechanic and scientist meant the 
same thing when they said ‘“‘work’”’ and “power.” The word 
“efficiency” in its present meaning could not even exist until ther- 
modynamies became a full-fledged science. Even the word 
“force,’’ so clearly defined by Newton, retained a confused mean- 
ing many years after Smeaton’s death. As late as 1900 the word 
“force’’ can be found in printed literature having the meaning of 
“energy.” Far from having missed an opportunity to apply de- 
ductively a well-established science, Smeaton was in reality help- 
ing to lay the foundation for the modern range and connotation 
which the science of mechanics has only recently attained. 

Smeaton’s younger French contemporary, Charles Augustin 
Coulomb (1736-1806) was a military engineer whose scientific 
work all grew out of practical projects. The attempt to improve 
the magnetic compass led to his quantitative laws of attraction 
and repulsion for electrostatic charges and for magnetic poles. 
The measurement of these in turn led to the invention of the 
torsion balance and the introduction of our modern theory of 
twisting in beams and rods. Coulomb put the beam-bending 
theory into its modern form, he founded our accepted theories 
of elastic arches, correctly worked out a theory of earthwork 
pressures, and introduced clearly the ideas concerning failure due 
to shear in materials—all in one study on the use of maximum 
and minimum ideas in “Statical Problems Applied to Architec- 
ture.” Strangely enough, Coulomb’s work on friction is passed 
over in silence in this volume. 

Smeaton and Coulomb published in the proceedings of the lead- 
ing scientific societies of their respective countries. They might 
well be considered as the spiritual ancestors of the Applied 
Mechanies Division. Many other names and accomplishments 
could be cited from the wealth of material in the volume. 

No engineer who wishes to get an integrated picture of the 
scientific and technical history of his profession can afford to neg- 
lect Wolf’s monumental history. 


Thermodynamics 


INcHLEY's TuHeory OF Heat Enaines. Edited and revised by H 
Wright Baker, D.Se. Longmans, Green and Company, New York, 
1939. Cloth, 51/4 X 81/2 in., xvi and 445 pp., 170 figs., $3.60. 


REVIEWED By JosepH H. KEENAN? 


[NCHLEY’s “Theory of Heat Engines” was first published 

in 1913. It was revised in 1920 by Dr. A. Morley “as a tribute 
tothe memory of a former colleague,” the original author having 
been killed in action in December, 1915. The present edition was 
prepared by Dr. H. Wright Baker who has made additions at the 
expense of the omission of the chapters dealing with kinematics 
and dynamics of engines. 

Besides a foundation of thermodynamics the book includes 
discussions of hot-air engines, air compressors and motors, steam- 
engine cycles, reciprocating steam engines, nozzles and orifices, 
eeam turbines, internal-combustion engines, refrigeration ma- 
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chinery, heat transfer, combustion, and testing of engines. The 
treatment of each of these subjects includes a generous number of 
numerical examples and a collection of problems for the student. 

The chapters on reciprocating steam engines and internal-com- 
bustion engines are conscientiously detailed, though not exhaus- 
tive. The mathematics of heat transfer through solids is pre- 
sented with unusual punctiliousness for a book of this nature. It 
would have been better, perhaps, to sacrifice some of it to a treat- 
ment of the mechanism of convection. 

In the preface to the present edition it is stated that ‘““No 
rigorous statement of thermodynamics has been attempted . . . ” 
The implication that the author of a text on heat engines might 
well be excused if he omits a rigorous statement of thermody- 
namics is entirely defensible; but there is no defense for an author 
who does not build his work on a rigorous foundation of thermo- 
dynamics. In the list of symbols H is ‘a quantity of heat,” 
while on page 69, H is a coordinate of a diagram of properties. 
This is the beginning of confusion that makes subsequent ex- 
planations long and involved. There are two pages devoted to 
the calculation of the dryness of steam after isentropic or adia- 
batic expansion and four and a half pages are devoted to the 
calculation of the end state after throttling. 

The book is based largely on British source material. It in- 
cludes many references to publications with which American 
engineers are not familiar and calls attention to test codes and re- 
ports by research committees of the British engineering societies. 


Background to Modern Science 


BACKGROUND TO MopeRN Science. Edited by Joseph Needham 
and Walter Pagel. The Macmillan Company, Inc., New York, 
N. Y., and University Press, Cambridge, England, 1938. Cloth, 
5'/4 X 8'/qin., xii and 243 pp., $2. 


REVIEWED BY J. ORMONDROYD? 


ACKGROUND to Modern Science” goes over a familiar 
road, recording part of the history of scientific advances in 
the forty years between 1895 and 1935. The subject matter is 
handled in chapters each separately written by different authors. 
Each chapter is in itself a record of a lecture on the same subject 
delivered at Cambridge University in the year 1936. These lec- 
tures inaugurated an attempt to emphasize the importance of the 
history of science to the student of scientific subjects at Cam- 
bridge. The chief point of interest in the mode of presentation 
used is that the lecturers themselves were selected from the very 
group which made a large share of the advances discussed. 

The advances in atomic physics are described by Lord Ruther- 
ford in two separate lectures which are reproduced in a single 
chapter. Incidentally, this address was the last delivered pub- 
lically by Lord Rutherford before his death. F. W. Aston also 
discusses certain phases of atomic knowledge. W. L. Bragg 
outlines crystal physics and Sir Arthur Eddington gives the his- 
tory of the rise of relativity. In these four chapters no philoso- 
phy of science is attempted. The contributions merely list the 
various experiments which turned out to be important histori- 
cally. 

If the chapters listed here were the sole contents of the 
book, it would not be a book worth reading—important as 
the contributors are. After all, we have read about these dis- 
coveries in a hundred other places, and have seen them more 
extensively treated. But the last four chapters of the book are 
worthy of attention. They discuss the advances made in the 
biological sciences—material which has not found its way into 
the deluge of popular scientific treatises which has poured over 
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us in the last few years. For this reason only one of the four 
lecturers on the biological sciences bears a familiar name. ‘‘Physi- 
ology and Pathology,” by J. A. Ryle, “Parasitology and Tropi- 
cal Medicine,” by G. H. F. Nuttall, “Evolution Theory,” by R. C. 
Punnett, and “Genetics,” by J. B. S. Haldane are the subjects 
and writers of the last four chapters in the book. 

The eight chapters which deal with specific subjects in modern 
science are preceded by two general and introductory chapters. 
The second entitled “From Aristotle to Galileo” by Sir William 
C. Dampier outlines briefly the background of modern science, 
covering material that is treated in many other places. But the 
first chapter, entitled ‘(Greek Natural Philosophy and Modern 
Science,” written by F. M. Cornford, is very enlightening in spite 
of the apparent staleness of the subject. Professor Cornford’s 
comparative analysis of the motives, objects, procedures, and 
methods of the Greek and modern sciences is one of the clearest 
and most concise to be found in the literature of scientific history. 


Buckling of Bars 


Die KNICKFESTIGKEIT ZENTRISCH GEDRUCKTEN GERADEN 
STABES IM ELASTISCHEN UND UNELASTISCHEN BerReEIcH. By Arvo 
Ylinen, Technical Director of the State Aircraft Factory, Tampere, 
Finland. Druckerei-A.G. der Finnischen Literaturgesellschaft, 
Helsinki, 1938. Paper, 6'/« X 93/,4in., 131 pp., 53 figs., 70 Finnish 
marks. 


REVIEWED BY S. 


[IN DISCUSSING lateral buckling of compressed prismatical 

bars two cases are usually considered (1) buckling within the 
elastic region, and (2) buckling within the inelastic region. In 
the first case, the known Euler’s formula gives the value of the 
critical compressive stress; in the second case, the critical value 
of the stress is usually determined by applying one of the existing 
empirical formulas. Engesser was the first who indicated that 
the problem of buckling in both regions can be treated by using 
the same formula if only the notion of the reduced modulus is 
introduced. The critical stress then is 


where \ = I/k is the slenderness ratio and E’ = do/de is the re- 
duced modulus derived from the tension compression test dia- 
gram of the material of the column. Mr. Ylinen shows that for 
such materials as steel and wood it can be assumed that 


in which the constant n must be properly chosen for each kind 
of material. A table of values of n for several important materials 
is given in the book. It is shown there also that the effect of 
strain-hardening and the influence of the shape of the cross sec- 
tion can be taken into consideration by a proper change of the 
magnitude of the constant n. Substituting the value of Z’ in 
formula [1], an expression for critical stress is obtained which 
is applicable for any value of slenderness ratio. The application 
of this expression in design of columns is shown and there finally 
is given a comparison of Equation [1] with various existing formu- 
las. It is shown, for example, that by taking n = 1 the known 
Rankine’s formula is obtained. In the last portion of the book 
the comparison of the formula with test data is given. The known 
experiments of Karm4n, Roé, and Rein with steel columns can be 
brought in very good agreement with formula [1]. A satisfac- 
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tory result is also obtained in applying formula [1] to the tests 
of wooden columns made in Finland. 

The book contains several numerical tables simplifying the 
application of formula [1] in various cases and also diagrams 
illustrating the difference in the values of cr as obtained by the 
empirical formulas and by the proposed formula [1]. The book 
will be of interest to engineers dealing with column design. 


Steam Engine 


A Sort History oF THE STEAM Enaine. By H. W. Dickinson. 
University Press, Cambridge, England; The Macmillan Company, 
New York, N. Y., 1939. Cloth, 6 X 91/s in., xii and 255 pp., 
78 figs., $3.50. 


REVIEWED BY C. RicHaRD SopERBERG® 


LITERATURE on the history of science and technology has 
accumulated rapidly in recent years. Nostalgia for past 
ages, when the belief in the blessings of technological progress was 
still unshaken, is a natural consequence of the general attitude 
of hopelessness and despair at the inability of modern man to 
master his own destiny. It is pleasant to roam in the dusty 
archives from what now appears the golden age of our era. 

Regardless of the impelling motive we are gradually beginning 
to appreciate the importance of the historical perspective of our 
technical advance. Much has been said about the failure of the 
scientist and the engineer to take an active part in the solution 
of our social and economic problems, and even the engineers 
themselves have come to regard this state of affairs with mis- 
givings. It is not at all certain that the methods of the exact 
sciences have direct application to social problems, but if the 
engineer is to exert an effective influence on the solution of these 
problems, some of his urge to make history must be converted into 
intelligent contemplation of past history. This can only be ac- 
complished by an educational process in which the engineer is 
gradually trained to give attention to the history of his specialty. 
On this basis the subject of the history of science and technology 
should be given a prominent position in the curricula of our uni- 
versities. The lack of suitable literature for such courses has 
long been an obstacle to this, but is gradually being eliminated 
by the work of such men as Dickinson, Wolf, and others. 

The author of the present treatise has already made a name for 
himself through his masterly productions on other phases of the 
history of steam power. The recent books on James Watt, 
Matthew Boulton, and Richard Trevithick represent a very high 
standard of performance in this class of literature. 

The book under review is divided into two parts—part | cover- 
ing the history of the reciprocating steam engine, and part 2 
covering the history of the steam turbine. In the preface the 
author cites a few simple data which convincingly illustrate the 
fact that the importance of steam power was never greater thal 
today. This is significant in view of the curious attitude held by 
many persons that the age of steam is past. The total annual 
consumption of electric power in the world is of the order of 
1700.10° kwhr; of this nearly 95 per cent is generated by the 
combustion of fuel. The purpose of the volume is to trace the 
development which has taken place since Savery and Newcome) 
in the latter part of the seventeenth century first produced et 
gines which supplanted the toil of men and animals. 

The introductory chapter is a concise sketch of the social and 
economic conditions of England, out of which the developmett 
was precipitated. Here as in the latter chapters Mr. Dickinson bss 
succeeded well in his endeavor to show that the invention 4 
steam power did not arise spontaneously in any inventor's mind; 
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it was a logical outgrowth of the needs of the time. For complete- 
ness one might wish for some references to the devices that 
actually were in use earlier, such as the devices in use in the mines 
of Sweden, but this perhaps belongs more properly to an earlier 
phase of man’s mastery over nature. 

In the succeeding three chapters the author deals with the de- 
velopments that took place in connection with the work of Savery 
and Newcomen and particularly with the consolidation of position 
of the atmospheric engine in the period between Newcomen and 
Watt. It is probably a surprise to many engineers that Savery 
and Newcomen, although contemporaries, were probably not ac- 
quainted with one another, and certainly did not cooperate in 
their work. Another fact, not usually appreciated, is that the 
Newcomen engine had existed for about half a century as an im- 
portant industrial device before Watt arrived on the scene. 

The following chapter is devoted to Watt’s contribution to the 
development. This was of such fundamental character that the 
invention of the steam engine has often been erroneously credited 
tohim. This error is effectively dispelled by the author without 
any loss to Watt’s prestige. A new era was inaugurated through 
the work of Watt and Boulton, an era which in some respects 
may be regarded as continuing into the latter part of the nine- 
teenth century, when the steam turbine arrived on the scene. 

The remaining chapters of part 1 cover the important develop- 
ments of the reciprocating steam engine during this period as well 
as the parallel evolution of land boilers. The concluding chapter 
is devoted to the “philosophy of the steam engine’’ an admirable 
discussion of the seesaw workings of empirical mechanical develop- 
ments and theoretical advances. The author emphasizes the im- 
portant fact that the inception of a development like that of the 
steam engine is necessarily empirical; the resulting advances, 
although often stumbling and imperfect, give rise to a search for 
a more rational outlook which gives incentive to the search for 
more exact knowledge. 

The first chapter on the history of the steam turbine gives a 
historical perspective of the early consideration of this device up 
to and including the achievement of Parsons. Watt’s discussion 
of the turbine invention by Baron von Kempelen is interesting, 
not only because of his clear analysis of the turbine problems, but 
also in illustrating the fact that Watt was led by selfish interest 
to hope that “without God makes it possible for things to move 
at 1000 feet p’” it cannot do much harm.” 

The remaining chapters cover the work of other turbine and 
boiler pioneers down to the present time. His choice of leading 
pioneers is undoubtedly correct in that the basic turbine inven- 
tions were made by Parsons, De Laval, Curtis, Rateau, and 
Ljungstrém. It seems somewhat unfair, however, to leave out 
of this group the name of George Westinghouse who certainly 
pioneered in the introduction of the steam turbine in the U.S. A. 
It is true that Westinghouse did not produce any fundamentally 
hew invention on the steam turbine, but his role in the beginning 
of the present century was, nevertheless, of outstanding signifi- 
cance. Nor does it seem entirely fair to leave out of the dis- 
course such names as Emmett, Junggren, and Hodgkinson, al- 
though here he may be justified by the difficulty of encompassing 
the turbine history in a reasonable space. The excellent papers 
which were presented in 1936 before the A.S.M.E.* on turbine 
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history in the U. 8S. A. could well have served as a reference for 
this important phase of turbine history. 

In the conclusions the author presents some speculations on 
the probable future of power generation by entirely new methods. 
To these speculations he adds the following significant remarks: 
“The community would be well employed in making better use 
than it has done hitherto of the gifts that the scientist and the 
engineer have showered upon it; till then, further gifts would be 
in the nature of pearls before swine.” 

It will be evident that the reviewer considers this contribution 
to the history of steam power of outstanding value and interest. 


Problems in Mechanics 


PROBLEMS IN MeEcuantcs. Based on the original collection of L. 
V. Mestchersky. By G. B. Karelitz, J. Ormondroyd, and J. M. 
Garrelts. Engineering Science Series, edited by Earle Raymond 
Hedrick. The Macmillan Company, New York, 1939. Cloth, 
6 X 9'/,in., ix and 271 pp., figs., $2.50. 


REVIEWED BY ALVIN SLOANE’ 


_ is a collection of some eight hundred problems intended 

for the first courses in engineering mechanics. An appraisal 
of its value as a manual or collection leads very rapidly to a con- 
sideration of the pedagogy of these courses and to the role which 
this collection, inherently so sound, may play in enhancing the 
teaching of elementary mechanics. 

Engineering pedagogues, like Topsy, “just grow up.” Most 
frequently, untrained in techniques of pedagogy, the engineering 
teacher is apt to consider formalizations of method as impedi- 
menta, and his course may lack coordination within itself, or in 
the general educational pattern. While some aspects of formal 
teaching method may be stultifying, there can be no quarrel with 
contributions which integrate and coodinate subject matter. 
When, in his better aspect, the engineering teacher is alert to the 
accelerated pace of scientific and technological advance, he faces 
the difficult task of canalizing into the classroom a flow of sub- 
ject matter adjusted so that it may be compatible with the intel- 
lectual level of his student audience; provocative, so that it may 
stimulate and inspire rise to higher levels; penetrating, so that 
the basic fundamental may be recognized and its grasp enhanced 
at each stage; and thorough, that the sure footing of mental 
discipline may serve in integrating an educational career. 

In applied mechanics, the recent advances in explorations 
toward advanced objectives have received the prominent and 
primary attention of the leaders. On the educational firing line 
we find little supporting activity. The classroom too frequently 
is static in a dynamic, virile, expanding subject, or confused in 
its efforts to reconcile educational process with research progress. 

It is, therefore, encouraging to find leaders of the caliber of 
Professors Karelitz, Ormondroyd, and Garrelts devoting attention 
to the necessity of implementing an advancing field with new gen- 
erations of workers, effectively grounded in fundamentals, and 
conscientiously trained in methods of attack so that they may 
serve with distinction as they approach the upper ranks. 

Their book, “‘Problems in Mechanics,” is a vital contribution 
to orientation in the teaching of the undergraduate first courses 
in statics, kinematics, and dynamics (kinetics). It brings to 
such undergraduate courses a basis which is intended to serve as 
a supplement to the expositions offered in the usual textbooks, 
and to meet the challenge of proper preparation for later stages 
in the development of perspective and attitude toward engineer- 
ing mechanics. 

The teaching devices employed are conducive to proper and 
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their efficacy in the most diverse fields, such as aviation, ven- 
tilation, lubrication, turbine and pump design, have necessitated 
their use by an increasing number of engineers.’”’ M. Tenot 
brings the knowledge of these theories to engineers by the dis- 
cussion of selected problems characterized by him as numerical 
exercises with a view to industrial application. The books are 
intended for the use of the Ecoles Nationales d’Arts et Métiers, 
advanced technical schools, and industry. Since many Ameri- 
can engineers are inexperienced both in the French language 
and in the use of the metric system, the book will be of primary 


vigorous growth—for example, illustrations which are sufficiently 
complete in detail to acquaint the student with the actual physical 
aspect of machine or structure, make the transition from abstrac- 
tions to actualities effective—there has been too much “skeleton- 
izing”’ of the problems by reduction to lines which psychologically 
creates a gap between the exposition of principle and the recogni- 
tion of application of the same principle. Such devices stimulate 
through presentation of realities, always more intriguing than 
philosophical speculation in the mind of the embryonic engineer. 


The problem material is carefully selected to encourage de- 
velopment; the range of difficulty includes careful treatment of interest to teachers of fluid mechanics as illustrating a method of F 
simple, intermediate, and advanced material, and a group of _ instruction and a choice of types of problems to illustrate funda- t 
illustrative examples is interspersed to suggest method of attack. mental principles. ] 

The kinematics section presents more extended treatment than Volume 3 consists of 27 problems in hydraulics and hydro- P 
is customary, recognizing the position of this factor in prepara- dynamics, as follows: Inclined venturi tube, vertical free jet j 
tion for applications in kinetics. An additional factor of impor- with axial and spiral flow, sharp-edge weir, influence of compres- r 
tance is provided in special sections devoted to bearing reactions, sibility of liquids, emptying of reservoir of variable section c 
vibrations, oscillation, and impact. The inclusion of vibration through sharp-edged orifice, jet from Pelton injector, diffuser with i 
problems of elementary nature at this educational stage adds meridional flow, stationary vortex with and without spiral flow, n 
a fundamental approach too frequently painstakingly avoided. flow in a spiral volute, spiral flow in a conical diffuser, flow in a dif- n 

The material is coordinated, and a logical sequence employed fuser with contravanes, design of a nozzle, siphon, flow in a pump- ce 


discharge line, force on an obstacle in a pipe line, functioning of 


throughout, so no difficulty of adaptation in classroom can arise. 
discharge valve, theory of cavitation apparatus, reactions on an 


In addition to the problem material, a résumé of the basic 
theorems of mechanics forms a first section of the book. 

To this reviewer, it seems that this element is the only flaw, 
not because of its content, which is splendidly presented, but be- 


elbow from jet discharge, impact of jet on normal plate, deflector, 
forces on a gate valve, automatically closing gate valve, reaction 
of flow on walls of channel, pump characteristics, two pumps in 


cause this book can find its most effective use as a supplement, parallel, operation of pump on a discharge line of known char- - 
and not as a substitute for extended exposition of bases, in the acteristics, exhaust blower of submarine Diesel engine. “ 
case of students who should be equipped with a fuller text. These problems serve to illustrate the use of the equation of = 
The space devoted might have been given to an expansion of continuity, Bernoulli’s equation for compressible and incompres- pk 
the philosophy whose surface is but scratched in the preface, sible fluids, Pascal’s law, the momentum principle, conservation ae 
e.g., “the expositions of the principles and theorems of me- of angular momentum, and so on. The author frequently calls pa 
chanics is of little practical value to the student unless he is con- attention to the approximate character of many of the computa- un 
stantly exercised in their application to actual problems. Only _ tions and to the reasons for discrepancies between the computed ola 
by this means can mechanics become a working tool for the future and observed results. Reference is occasionally made to the val 
engineer.” author’s earlier book entitled, ‘‘Legons de mécanique-physique tity 
Such an expansion, a discussion of the philosophical and dis- des fluides,”’ for further information on fundamental principles. “i 
ciplinary possibilities of this subject in encouragement of effec- Volume 4 contains 13 problems dealing with the production ds 
tive ‘‘straight thinking,” and a penetrating analysis of the trend and utilization of steam. These relate to use of Mollier diagram, ing 
of thought in organizing method of attack would, from the pens throttling and superheating, throttling of wet steam, steam mes 
of these authors, add an element of personal invitation and en- turbine, nozzle, high-pressure and high-temperature turbine, low- des 
couragement which the student too rarely finds in textbooks. pressure turbine, interstage superheating, experimental study o) F 
It would be well if this collection of problems could encounter nozzle flow, experimental study of momentum loss in moving F pop 

a widespread reception in the classroom, for the orientation of the _ blades of turbine, reciprocating steam engine, condenser, Claude F meg 
pedagogy of mechanics in its earliest stages is of vital concern. process for obtaining thermal energy from the ocean. shov 
The textbook is the usual source of problem material, and text- These books are not books of problems in the sense familis’ F 9 
book problems are frequently so intimately associated with the to many of our teachers. The solutions of the problems are give? Fg ho 
author’s exposition that they lack universality. This collection, very completely and there is little demand for effort on the pat 5, m 
ramifying no particularized textbook, but written upon premises of the student. If one believes that the student learns faster J _ elect 
of universal application, deserves the opportunity of furthering by doing problems himself rather than by the study of complete F elact 
the trend in engineering education, which seeks to establish solutions of problems by others, this characteristic will make the smal 
strength in general fundamentals, and to avoid, in development books unattractive. S comr 
stages, localization or specialization. The books are, rather, engineering texts in which the discussio® clear 
of such problems as the performance of a steam turbine is clothe! | ~ wil] ¢ 

Fluid M ech anics ' in numerical terms as well as algebraic symbols. A knowledge a B® plate 

fundamental principles is assumed; it is their application thst leas 

Mécanique pes Fiuipes Appiiquée. (Exercise numériques en vue is emphasized. The numerical accompaniment gives a sense «! iT 
des applications industrielles.) By A. Tenot. Dunod, Paris, 1939. magnitudes and an air of familiarity and concreteness for thos | 7 divisi 
Paper, 51/2 X 81/4 in. Tome III, Hydraulique et Hydrodyna- th tical 1 strange Pre 
mique, viii and 183 pp., 48 figs. Tome IV, Production et Utilisa- waom sym and mathematical language are g ; 48] 
tion de la Vapeau d’Eau, viii and 106 pp., 26 figs., 1 plate. Price, abstract. The statement in terms of problems to be answered Dis, 
each 45 fr. helps to make the engineer feel at home. There may possibly ® | 7 4.5 
REVIEWED BY HucH L. DrypEen® a field for this type of pedagogical approach in our own educs rr 

AS’ M. Caquot points out in his brief preface to this series of tional institutions. Non 
volumes, “‘modern theories of fluid mechanics have for some *Chief, Mechanics and Sound Division, National Bureau ¢ mm 


years been the possession of a small number of scientists, but 
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A Convenient Electrical Micrometer and 
Its Use in Mechanical Measurements 


By ROSS GUNN,! WASHINGTON, D. C. 


A simple electrical micrometer of great mechanical 
and electrical stability has been developed. The electrical- 
current output from the micrometer is accurately propor- 
tional to the impressed mechanical displacement. The 
least count of typical micrometers using portable micro- 
ammeters as indicators and employing no amplification is 
5/1,000,000 in. Zero drift, hysteresis, temperature, and 
pressure variations have been reduced to less than 1 per 
cent. Special circuits are described which permit the 
indication of the sums, differences, ratios, or products of 
mechanical displacements and hence are useful in many 
mechanical measurements. The micrometer is also 
convenient for zero and low-frequency vibration studies. 


test of mechanical equipment have been long handicapped 

in the analysis of their structures by the lack of sufficiently 
convenient methods for the measurement of such items as dis- 
placement, force, torque, and mechanical power. In striving for 
a direct and satisfactory solution to the difficult problems of 
mechanical measurement, it seems expedient to adapt as com- 
pletely as possible, the well-developed science of electrical 
measurement to the new requirements. To bridge the gap be- 
tween mechanical and electrical measurement, it is necessary to 
provide some simple means for converting small mechanical dis- 
placements into appropriate electrical quantities like current or 
voltage. Moreover, it is most essential that the electrical quan- 
tity be exactly proportional to the mechanical displacement and 
not be subject to leakage or other troubles which cause a variation 
of response with frequency. An electromechanical link, satisfy- 
ing the imposed requirements, has been developed and since it 
measures small mechanical displacements, it has been called an 


| ore charged with the research, development, and 


_ electrical micrometer. 


The tube element of this micrometer, which serves as the im- 


portant connecting link between the mechanical quantity to be 


measured and the resulting electrical current or potential, is 
shown in Fig. 1. This tube in its simplest form, as shown in Fig. 


_ 2, consists of an evacuated glass envelope 29, in which is sealed 
_ ahot electron-emissive filament 1, and two insulated plates 3 and 
_ », mounted on a supporting rod 35. The supporting rod, with its 


® 'nderstood as individual expressions of their authors, and not those 
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electrodes and necessary electrical connections 7, is carried by an 
elastic diaphragm 25 suitably sealed to the glass envelope. A 
small rod 13, spot-welded to the outside of the diaphragm, serves to 
‘ommunicate motion to the insulated-plate assembly 3 and 5. It is 
clear that a displacement of the arm by a screw 15, for example, 


) will change the relative spacing of the hot filament 1, and the two 


plates 3 and 5, one plate being moved farther away from the 
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filament while the other is moved closer to it. This change in 
filament spacing modifies the internal electrical resistance of the 
tube in accordance with the well-known laws of electronics, and 
thus changes the current in the associated electrical circuits. The 
tube shown in Fig. 1 is one type of several that have been de- 
veloped for the measurement of small mechanical or torsional dis- 
placements. The micrometer tubes are designed to have a high 
mechanical rigidity and a high natural period of oscillation. Even 
those tubes which are designed to be highly sensitive to exceed- 
ingly small forces have mechanical periods exceeding 500 cycles 
per second, and it is known that they will accurately follow im- 
pressed vibrations of a frequency exceeding 60 cycles per second. 

The electrical-micrometer tubes just described are used in con- 
nection with special electrical circuits which permit the achieve- 
ment of a high degree of linearity and electrical stability. It isa 
well-known fact of electronics that the plate resistance of a 
vaccum tube changes very rapidly with slight or accidental 
changes in the filament emission or plate potential. In order that 
these accidental variations may not appear on the electrical 
meter which measures the small mechanical displacement, an 
electrical bridge circuit is employed of the type shown in Fig. 2. 


Fie. 1 Tae Tuse ELeMeNT OF THE ELECTRICAL MICROMETER. 
ExpLopEpD TUBE AT THE LEFT AND InTACT TUBE aT THE RIGHT 
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Fic. 2 Crrevurr OF THE TUBE FOR THE ELECTRICAL 
MICROMETER 
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A storage battery 21, or other source of electrical power which is. 
reasonably stabilized by ballast tubes or other rough voltage- 
regulating device, supplies heating current to the electron-emis- 
sive cathode 1, and a potential of about 60 volts to the bridge 
circuit. The total power supplied to a typical micrometer tube- 
is 5 watts. The electric current to the two plates 3 and 5, sup- 
plied through the highly flexible connections 7, traverses the vari- 
able resistances 17 and 19 in such a way that these resistances and 
the resistance between the filament and the plate 3, and the 


filament and the plate 5, make up the four arms of a typical bridge © 
circuit. 
diagonal of the bridge as shown. 


An electrical indicator 33 is connected across one 


The use of an electrical bridge circuit in the manner outlined 


accomplishes at least two highly desirable objectives. First, it 
reduces the electrical measurement to a comparison of two chang- 
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ing resistances, one of which increases while the other simultane- 
ously decreases. Thus, changes in the filament emission or plate 
voltage do not affect the indicator to the first order. Such a 
system is electrically stable and the drift of the electrical zero is 
not troublesome. Second, the circuital arrangement leads to 
electrical currents in the indicator circuit which are directly pro- 
portional to the impressed mechanical displacement to a high 
degree of approximation. That is, the response curve is linear. 

The underlying reasons for this fortunate state of affairs is 
readily made apparent by a brief study of the circuital relations 
and currents in an unbalanced bridge. In Fig. 2, suppose that the 
resistance between the cathode 1 and plate 3 is N, that between 1 
and plate 5 is P, while the resistances of 17 and 19 are M and X, 
respectively. The electromotive force of the battery 21 is 
taken as E and its internal resistance as B, while the current 
in the indicator coil 33, having a resistance G, is represented by J. 
Under these circumstances, it may readily be shown? that the 
current J is given by 


T= 
E (NX — MP) 


| 


B+ (M+N)(X + P) 
M+N+X+P 


The sensitivity of such a bridge circuit is a maximum when 
the resistances of all arms are the same so that in a typical case 
we may assume that the properties of the tube and the associated 
resistances are so adjusted that at exact balance M =X =N =P = 
Q and therefore] = 0. Now let the plates of the micrometer tube 
be moved by some small outside mechanical displacement. This 
changes the resistance of both N and P to new values and a cur- 
rent J flows through coil 33 due to the unbalance. Let the values 
of resistances in this case be represented by 


M=X=Q 
P =Q+4P 


where AN and AP are the changes in resistance of N and P, re- 
spectively, due to the impressed mechanical displacement. Sub- 
stituting these values in Equation [1], it may be shown that 


EAN 
BG G LK 
—J+BK+—-L+— 
Q Q J 
where J = 4Q + AN + AP; K = 4Q + 2(AN + AP); and L 
= 4Q? + 2Q (AN + AP) + ANAP. Thisexpression reduces to 


if the battery resistance B and the indicator resistance G are both 
small compared to Q. This is usually the case and therefore since 
AN and AP are always small compared to Q, an essential propor- 
tionality always exists between the indicator current and the 
change in bridge resistance or the mechanical displacement of the 
tube arm 13. 

In the exact expression of Equation [3], it is clear that if the 
‘second-order term ANAP is kept small, the current (or voltage) 
output of the bridge J (or 7G) is directly proportional to the 
change in resistance AN, if and provided 


2 “*Blectrical Measurements,”’ by F. A. Laws, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1938, p. 179. 
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[5] 


The foregoing results are of general application to bridge cir- 
cuits and we proceed to apply them to our special system. The 
electric current 7 flowing between a hot cathode and a cold plate 
in a space-charge-limited vacuum tube is given® by 


where h is a constant depending on the geometry of the tube, ¢ 
is the potential applied to the plate and X is the distance between 
the plate and filament. From Equation [6], we have that the 
internal resistances between plate and filament are 


xX 


where d is the total effective separation of the two tube plates; 
whence 


dN 2X X? doy 
AN = — AX =— AX ——,, —* AX .... 
dX hey’? 2hey'/* dX 8) 
dP 2d—X) (d—X)* dgp 
AP = — AX = ———— ax — — A) 
dX hep'/* dX 
therefore 


d 
aw + ap : ) ax 


heg? 
(d — X)? der 
[10] 


X? dey 
— —, 
/ ax dX 


Since all arms of the bridge are adjusted to the same resistance 
+ == 0. Thus one sees that Equation 
[5] is satisfied for finite displacements when X = d/2 and this 
occurs when the filament is exactly centered between the plates in 
such a way that N = P. It is clear therefore that linearity may 
be established over any selected range by appropriate spacing 0! 
the two tube plates. Departures from linearity, even by 1 per 
cent, are not observed in actual micrometer tubes until AX ap 
proximates 10 per cent of the cathode-plate spacing. Thus, for 
all practical purposes the micrometer response relationship 
linear. 

In constructing the micrometer tube, the plates 3 and 5 ar 
equally spaced from the filament 1 when the arm 13 is undeflected; 
therefore, the electrical resistance between the filament and eat 
of these two plates is the same. In a typical tube this resistant 
approximates 10,000 ohms. Therefore, for maximum sensitivit) 
and for a balance of the bridge such that the current in meter 3 
is zero, one must adjust the two resistances 17 and 19 until the! 
are approximately the same as the tube resistances. Under thé 
condition of approximate balance, the reading of the meter > 
and hence the stability of the zero reading, is very insensitive | 
changes in the emission of filament 1, which are brought about }) 
moderate changes in the filament power supply 27. Similar! 
due to the balanced nature of the circuits employed, variatio™|_ 
in the plate-battery supply 21, cause only second-order changes” 
the reading of the meter 33. These particular tube structu™ 
and special circuits are responsible for the electrical stabilil! 
which may be attained with the new micrometer. The mechanit#| 
stability is also carefully maintained by rigidly mounting the m"| 


¢y ¢p and 


“Theory of Thermionic Vacuum Tubes,” by E. L. Chaffee, M* 
Graw-Hill Book Company, Inc., New York, N. Y., 1933, p. 69 | 
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GUNN—CONVENIENT ELECTRICAL MICROMETER, ITS USE IN MECHANICAL MEASUREMENTS 
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Fic. 4 Circuits oF AN ELECTRICAL TACHOMETER, WATTMETER, AND THE ELECTRICAL MICROMETER ComMBINED TO a PowER-AND- 
Torsion METER FOR MECHANICAL HORSEPOWER 


ing parts and by the proper selection of material for the dia- 
phragm 25, so that it exhibits vanishingly small mechanical hys- 
teresis. The over-all stability of the device in practice has been 
found to be very good and will reproduce over periods of weeks 
to within less than 1 per cent of full scale, either for steady 
or oscillating mechanical deflections of the rod 13. 

The sensitivity of typical micrometers approximates 150 
microamperes per mil (0.001 in.) or about '/2 volt per mil when 
working into a high impedance. When used with standard rug- 
ged-type portable microammeters, the ratio of the meter pointer 
movement to the movement impressed on the arm 13 is about 
10,000. The over-all stability of the device is unusually good if 
the power supply is reasonably constant, and one may expect the 


Fie. Limit anp TOLERANCE Gace EmpLoys THE ELEc- 
TRICAL-MICROMETER PRINCIPLE 


zero to drift less than 3 microamperes in the course of a day. 
Considerable attention has been devoted to the achievement of 
mechanical as well as_ electrical stability. The mechanical 
hysteresis is less than */; per cent of the maximum deflection even 
under adverse conditions. 

Because of the inherent zero stability built into the tubes and 
associated circuits, this micrometer is especially suitable for the 
Measurement or indication at a remote point of small displace- 
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ments. These small displacements may originate as a result of 
tension, compression, or torsion in some stressed member; hence, 
if the member is elastic and obeys Hooke’s law, the indicating 
electrical meter may be calibrated in terms of strain, stress, force, 
or torque. A small mass attached to the arm 13 of a micrometer 
tube converts it into an accelerometer which is readily calibrated 
in absolute units. By the employment of an elastic bellows, 
fluid pressures may be read. The device is an excellent scale for 


Fie. 5 


Meter, THE Circuit or Wuicu Is 
SHOWN IN Fic. 4 


weights approximating a fraction of an ounce. By the use of a 
calibrated proving ring, its range may be expanded indefinitely. 
It has been applied with considerable satisfaction to limit and 
tolerance gages, such as shown in Fig. 3, and may be applied to 
the control of light cutting tools. The foregoing suggests only a 
few of the possible uses of the micrometer. 

In the simplest type of application, the meter 33 may be an 
ordinary microammeter and in such a case mechanical displace- 
ments of the arm 13 as small as a wave length of blue light may be 
readily detected. In a similar way the meter 33 may be an 
oscillograph with amplifier and an instantaneous trace of the 
position of the arm 13 may be readily indicated both as to ampli- 
tude and wave form. 

Clearly, the micrometer is useful for the analysis of low-fre- 
quency vibrations and a preliminary investigation in this field has 
been carried forward. It is found that the micrometer tubes will 
follow mechanical vibrations up to more than 65 cycles per 
second and reproduce the amplitude and wave form of the vibra- 
tion on an oscillograph, at least to the limit of accuracy of 
measurement of the film. The author is of the opinion that the 
tubes at present available will follow vibrations accurately up to 
about 200 cycles per second, and by careful special design this 
can be raised to about 1000 cycles per second. Because the mi- 
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crometer can be made quantitatively to measure instantaneous, 
average, or root-mean-square values of a vibrator displacement, 
it is ideal for the study of surface finish. 

Electrical meters of the wattmeter type are on the market 
which measure the value of the product of two electrical currents. 
Thus by the employment of two independent electrical microme- 
ters, it is possible to measure the product of two mechanical 
displacements or the product of a mechanical displacement and 
an electrical potential such as that supplied by an electrical 
tachometer. Thus, it is possible to measure the product of speed 
and torque or mechanical horsepower. This is accomplished by 
mounting an electrical-micrometer tube on a drive shaft in such 
a way that the torsional strain in the shaft produces a mechanical 
displacement of the tube arm, which is proportional to the torque. 
The output from this electrical-micrometer tube is supplied to 
one coil 65 of a wattmeter type of electrical meter as shown in 
Fig. 4, while voltage from an electrical tachometer is supplied to 
coil 66. The electrical tachometer, consisting of a permanent 
magnet 49 and an armature 46 with brushes 47 and 48, provides 
a current which is proportional to the speed, while the electrical 
micrometer provides a current which is proportional to torque. 
Clearly the speed of the shaft may be measured by the current 
through the meter 43. Therefore, the wattmeter 64 may be 
calibrated directly in terms of mechanical power. Such a power- 
and-torsion meter has been built and has given good service. It 
is illustrated in Fig. 5. An improved model is being applied to 
the measurement of the mechanical power supplied to the pro- 
pellers of a destroyer. 

Special electrical meters are available on the market which 
measure the ratio of two electric currents. It is possible, there- 
fore, to indicate on an electrical meter the over-all efficiency of a 
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power plant. For example, the product of speed and torque by 
the use of a special circuit may be applied to one coil of a ratio 
meter while the rate at which fuel is supplied to the plant may be 
provided to the other coil through the agency of a suitable flow- 
meter employing an electrical micrometer. In such a setup the 
electrical meter will read the ratio of horsepower output to the 
rate of fuel supply and therefore can be calibrated directly in 
terms of over-all plant efficiency. 

Because the field of electrical measurement is so well developed, 
it is possible to measure automatically by the use of this new 
micrometer almost any type of mechanical quantity. In addition 
to the quantities mentioned previously, it is possible, by the 
selection of appropriate electrical measuring devices already 
available, to measure the average or root-mean-square value of a 
varying mechanical displacement, its time derivative, its time in- 
tegral, or the sum or difference of two independent displacements. 
It is even possible to indicate the value of one mechanical dis- 
placement raised to a power proportional to a second mechanical 
displacement. The electrical equipment is quite simple and 
even an oscillograph which will depict wave forms as well as 
the instantaneous values of a mechanical displacement is easy 
to use. 

Space does not permit a detailed description of the applications 
already made of the new micrometer, but perhaps this article 
will serve to indicate its general usefulness and its applicability 
to the important problems of mechanical measurement. Because 
of the simplicity of the micrometer, its linearity, and its great 
stability, it has been a most convenient measuring device. 

It is a pleasure to acknowledge the material assistance of 
Wayne C. Hall and Frank I. Louckes in the development and 
application of this micrometer. 
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The Influence of Hyperbolic Notches on the 


Transverse Flexure of Elastic Plates 


By GEORGE H. LEE,' ITHACA, N. Y. 


This paper’ considers the solution of the two problems 
of the infinite plate, with two symmetrically disposed 
hyperbolic notches, subjected to (a) transverse bending 
and (6) twisting. The transverse-bending moments and 
torsional couples are so applied that the narrow section 
between the notches transmits the bending moment or 
the torsional couple. Using the Poisson-Kirchhoff theory, 
finite expressions were obtained for the deflection and 
stress in each problem. 


infinite sheet with two symmetrically disposed hyperbolic 

notches. In the first problem the plate is transmitting a 
given total bending moment, as a beam of variable width but 
of constant thickness, under pure bending. In the second prob- 
lem the plate is twisted, with OX as the axis of twist, Fig. la. 
The results of the two problems are shown graphically in Figs. 
3 and 5. The stress concentration, i.e., the ratio of the stress 
occurring in the plate at the apex of the notch to the average 
stress over the narrow section between the notches, is plotted as 
a function of d/p where d is the length of the narrow section 
between the notches and p is the radius of curvature at the apex 
of the notch. 

The deflections and stresses are found from the Poisson- 
Kirchhoff theory of the bending of thin elastic plates (1). The 
differential equation for the transverse deflection w is DV ‘w = p, 
where p is the pressure per unit area applied to the surface 
of the plate, and D is the flexural rigidity of the plate. In this 
instance, since the bending is due to edge loadings only, p is 
equal to zero; w is then a biharmonic function. 

The sign convention and the stress resultants acting over 
sections normal to the middle plane are given in Fig. 1b. Ac- 
cording to the Poisson-Kirchhoff theory, the stress resultants, 
in terms of the deflection w are 


Tins two problems considered in this paper concern the 
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where G,, G, are the transverse bending moments, N,, N, are the 
transverse shearing forces, and H,, H, are the torsional couples, 
all per unit length, acting over the sections z = constant and 
y = constant, respec- 
tively; v is Poisson’s 
ratio. The general 
conditions for each 
problem are as fol- 
lows: 

Bending. The 
plate must transmit 
a finite bending mo- 
ment so that the in- 
tegral of G over any 
cross section must 
yield a finite result- 
ant, therefore, @ it- 


Fie. 1b 


self must vanish at infinity. The deflection w must have sym- 
metry with respect to both axes. 

Torsion. The plate must transmit a finite torsional couple 
so that the integral of H over any cross section must yield a 
finite resultant and H itself must vanish at infinity. The de- 
flection must be an odd function of z and of y. 

In the orthogonal curvilinear coordinates defined by the con- 
formal transformation z + iy = f(u + iv), Equations [1] are 
transformed into the following, for actions over the sections 
v = constant 
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where J is the “stretch factor,’ and is given by the equation 


For actions over the sections u = constant, u and v are inter- 
changed, except for H, which is equal to —H,,. 

The transformation used in the solution of these problems 
was of the form z + ty = csinh (u + ww). From this we obtain 
the relations x = c cos v sinh u and y = csinv cosh u. The 
ranges for the variables u and v are — x/2 < v < +2/2 and —a 
<u<+o. For va constant we obtain a family of hyperbolas 
and for u a constant a family of ellipses. 

Over the free boundaries, i.e., the hyperbolas » = +vo, the 
stress resultants must vanish. Kelvin and Tait (1) have pointed 
out that a distribution of torsional couples over a section is 
statically equivalent to a distribution of transverse shearing 
forces equal to —0H/ds per unit length, where s is the tangent 
to the section. Then G, and N, — 0H,/ds must both vanish 
over the free boundary v = =v. The sense of the tangent s is 
so chosen that together with the outward normal n and the 
z axis the three form a right-handed coordinate system. Goodier 
(2) has further modified the boundary conditions as follows: 


Since N, 


J= 


= —D 2 V’w; w being biharmonic, V*w is harmonic 


fe) on 

and must possess a conjugate 2 such that — V*w = — ; 
on os 


the 


=0 


latter boundary condition may then be w 


Integrating this with respect to the tangent, it ilies that 
Do + H, equals a constant over the free boundaries v = +». 
BENDING PROBLEM 


The solution was found, after examination of numerous simple 
biharmonic functions having the requisite symmetry, to be of 
the form‘ 


w = Avsinvcosh u + B cos v cosh u + Eu cos vsinh u + F 
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A[(1 + ») cos 3u + (5 — v) cos v9] — 4B(1 — v) cos v9 
+ E[2v cos 3v9 — (1 — 5v) cos 1] = 


A[(3 — »v) sin 3v9 — (7 — 3v) sin vo] + 4B(1 — »v) sin 09 
+ E[2 sin — (1 + 3v) sin vo] = 0......... [7] 
[8] 
Solving these equations for B and E in terms of A 
2 
(9) 
3 + v + (1 — ») cos 20 
B= 
2(1 + ») [10] 


It is to be noted that Equations [6] and [8] are identical, and 
that Equations [5] and [7] are dependent. Imposing the 
condition that the deflection is zero at the origin (u = v = 0), 
the value of F is 


+ (1 —») cos 209 


F = ——— ——A.. 


The integral of G, over the section u = 0 (x = 0) is equal to 
the average bending moment per unit length G times the length 
of the section. This yields the value of A in terms of G 


2Gc? sin vo 
1 —v D{2(3 + »)v — (1 — ») sin 2v0} 


A= 


The stress resultants then become 
G —2G SiN 
“ (cos 2v + cosh 2u)?[2(3 + v)vo — (1 — ») sin 209] 
[{— (3 + ») cos 3» + [ — (5 + 3») 
+ 2(1 —») cos cos v} cosh u — 2(1 + cos v cosh . . [13 


2(1 — »)Gsin sin vo[(2 cos 2v9 — 1) cos v — cos 3v] cosh u 


In this case, Equation [2] takes the form of Equation [3] below: , (cos 2v + cosh 2u)2[2(3 + v)v9 — (1 — ») sin 200] 
2G sin vo[ { (1 + v) sin 3v — [3 + » — 2(1 — ») cos 209] sin v} sinh + 2sin v sinh 3u} (15 
(cos 2v + cosh 2u)?(2(3 + 
De? 81/26 sin? v9[(cos 3v — 4 cos v) sinh u — cos v sinh 3u] 
ry d[2(3 + (1 — v) sin 2v9](cos 2v + cosh 2u)*/? 
— 4B(1—v) cosv + E[2vcos3v—(1— cosv}} [16, 
{24 } cos 3u] [3] _ sin* vo[(sin 3v + 2 sin v) cosh u— sin v cosh 3u) 
and DQ + H, takes the form 5 d[2(3 + »)¥ — (1 — ») sin 2r](cos 2v + cosh 2u)'/* 
{17) 
Do + H, = — —») sin 80 — (7 — 3») sin 0} 
The deflection of the plate is 
+ sin v)}} sinh u 
+ {2A + E(1 + »)} sin vsinh 3u]........ [4] w= = 
1 — v 2Dsin + v)vo— (1 — v) sin 209] 
while the stretch factor J is given by bik mei 
+ +») (cos cosh u — 1) 
J? = 3 (cos 2v + cosh 2u) . 
= i [8 
Over the free boundary the coefficients of the variable terms of 1+» u cos » sinh .| tome 


DQ. + H, must vanish, while G, must vanish identically. These 
conditions give rise to the following simultaneous equations 


4 The possibility of solving these problems in this manner was 
suggested by Neuber’s solutions of the corresponding problems of 
plane stress. 


In Fig. 2 are plotted G,, G,, and H, in terms of G, over # 
section u = 0 and the free boundary v = +t. 
G,, occurs at the apex of the notch and is large in compariso?" 
the maxima of the other stress resultants occurring in the pli ~ 
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Fic. 2. DistrrBuTION OF Stress RESULTANTS IN A NOTCHED PLATE 
UNDER TRANSVERSE BENDING; d/p = 64.6 
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Fig. 3. Stress ConceNTRATION PLotrep as A FUNCTION OF d/p 


G, is then the stress resultant that is the governing factor in 
determining the stress concentration. The ratio G,/G is plotted 
against d/p, where d is the length of the narrow section between 
the notches, shown in Fig. la, and p is the radius of curvature 
of the notch at its apex; for comparison the stress concentration 
for the notched plate under tension (3) is plotted against d/p as 
curve 2 in Fig. 3. Curves 3 and 4 in Fig. 3 are the stress concen- 
trations for the closely allied problems of the elastic plate with an 
elliptical hole, major axis parallel to the y axis, subjected to 
bending (2) and tension (3), respectively. For these latter two 
curves, the stress concentration is plotted against d/p, where d 
is here the length of the major axis and p is the radius of curvature 
of the ellipse at the end of the major axis. Values of (D/Gd*)w 
are plotted along the y axis in Fig. 2. 

As a check on the validity of the solution obtained, the de- 
flection should approach that of a strip of uniform width as the 
notches become very flat, i.e., a8 > 0. The region considered 
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must be that for small u; near the axis u = 0 the change in sec- 
tion is of secondary importance, but removed from this region, 
the change in section becomes of prime importance unless v» = 0, 
a case for which the present results are not directly applicable. 
For small u, sinh u = u ~ 2, cosh u ~ 1 4+ 22/2, and sinv =~ 
v ~ y. Substituting these into the expression for the deflection, 
we obtain 


It will be observed that this limit represents the bending of a 
strip on the assumption that anticlastic curvature is free to occur. 
It is well known however that when a strip is appreciably bent, 
the anticlastic curvature does not develop. The section remains 
flat, except for a slight curling at the edge. The solution custom- 
arily adopted supposes that bending moments are called into 
play, on sections parallel to the edges of the strip, sufficient to 
prevent the anticlastic curvature. Near the edge there is a local 
transition to the edge condition of freedom from stress. 

The question arises as to whether the solution for the notched 
plate should not be such as to give a limiting form for the parallel 
strip in which the anticlastic curvature does not appear. 

The answer appears to be that the solution as given will repre- 
sent the initial stage of bending, in which no appreciable mean 
stress develops. For, as appears from Lamb’s solution (4, 5) 
the prevention of anticlastic curvature in the strip is associated 
with the development of mean stress in the edge zones, and so 
will not occur in the initial stage. 

Since the concentration of stress is localized around the apex 
of the notch, it is reasonable to expect that the solution will 
apply with fair approximation to notches in strips of finite width. 
The corresponding expectations in the case of plane stress have 
been borne out by the photoelastic measurements of Frocht (6), 
the calculations having been made by Neuber (8). 


Tue Torsion PROBLEM 


The solution of this problem was found to be of the form 
w = Aveosvsinh u + Bsinv sinh u + Eu sin v cosh u 


The conditions that G, and DQ + H, must vanish and equal a 
constant over a free boundary, respectively, yield the following 
simultaneous equations 


[A(3— ») — 2E] cos 3u + [A(7— 3») + 4B(1 —») 
— + = 0......... [19] 
[20] 
[—A(1 + ») + 2Ev] sin 39 + [A(5—») + 4B(1 —») 
+ E(1— = 0.......... [21] 


Solving these equations for B and E in terms of A, we obtain 


2 
[23] 
[24] 


2(1 + ») 


The constant A is evaluated in the same manner as in the first 
problem: The integral of H, over the section u = 0 is equal to 
the average torsional couple per unit length H times the length 
of the section d. The value of A thus obtained is 
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1+p Hd? 


A 


The stress resultants are then 
G, = 
—2H sin vo 
+ v)vo + {7 +»— (1—») cos 2vo} tan cos 2v + cosh 2u)? 
[{(3 + ») sin 8v + [— (17 + 7») + 2(1 — ») cos 2v0] sin v}sinh u 
+ 2sin v sinh 3u]........ [26] 


—4H sin vo[— (1 — v) sin 3v + {2(5 + v) — (1—») cos sin sinh u 
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~ 1 —v 2Dsin v0[2(1 + »)m% + {7 + »— (1 —») cos 2v0} tan v9) 


32 


25] 


28 / 


24 — 


. [27] 


[2(1 + + {7 + »— (1 — ») cos 2vo} tan vo]( cos 2v + cosh 2u)? 


2H sin % 
[2(1 + + {7 + »— (1 —») cos 200} tan cos 2v + cosh 2u)* 
[{ (1 + ») cos 3v + [5(3 + ») — 2(1 — ») cos 200] cos v} cosh u 
+ 2 cos v cosh 3u]........ [28] 


84/2 H sin? vo[( sin 3v + 2 sin v) cosh u — sin v cosh 3u] 


d(2(1+»)v0+ {7+» — (1 — ») cos 2v0} tan cos 2v + cosh 2u)*/*” 


84/2 H sin? vo[(2 cos v — cos 3v) sinh u + cos v sinh 3u 


d(2(1+»)v0+ {7 + »— (1 —») cos 2vo} tan v9]( cos 2v + cosh 2u)*/?” 


and the deflection is 
l+p Hd? 
1 —v 2Dsin? + {7 + »—(1—») cos 2v} tan v9] 


3 + — (1— ») cos 


w 


sin v sinh u 


u sin v cosh “| [31] 
1+p 


In Fig. 4 is plotted H, and G,, in terms of H, over the section 


+p. 


u = 0 and the free boundaries » = It may be expected, 


Fig. 4 DistriBuTION oF STRESS RESULTANTS IN A NOTCHED PLATE 
in Torsion; d/p = 27.8 


as in the bending problem, that these results for the infinite 
sheet may be applied with fair approximation to notches in 
strips of finite width. It will be observed that the stress concen- 
tration, H,/H plotted against d/p for the present problem, shown 
in Fig. 5, is considerably higher than G,/G for the bending 
problem. As a check on the results of this problem, the expres- 


. [29] 8 


. [30] 


STRESS CONCENTRATION ——> 
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P 

Fig. 5 Stress ConcentTRATION PiLorrep as A Function oF d/p 
FOR THE NOTCHED PLATE IN TORSION 


sion for the deflection should approach that for the strip of uni- 
form width, as v0. For small u and as vp — 0, the expression 
for the deflection approaches the form: 


w 
"Da —») 
which is the deflection of the strip of uniform width subjected to 


torsional couples. 
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A Photoelastic Study of Stresses in 
Rotating Disks 


By R. E. NEWTON,! ST. LOUIS, MO. 


The recent experiments of Hetényi and others in de- 
veloping a technique for “freezing” stresses in bakelite and 
other photoelastic plastics have broadened tremendously 
the scope of the photoelastic method of stress analysis. 
In addition to making possible the solution of three-di- 
mensional problems, the new technique offers itself as a 
powerful tool in solving problems in which it is inconven- 
ient to study the fringe pattern while the model is actually 
under load. Problems of centrifugal stresses in constant- 
speed rotors fall in this class and are readily handled 
by the stress-freezing method. It is the purpose of this 
paper to discuss the application of the technique to the 
determination of the stresses in rotating disks of uniform 
thickness having symmetrically placed noncentral holes, 
as shown in Fig. 1 (1, 2).? 


‘ ), yE FIRST review the essential phenomenon and theory 
of the “‘stress freezing” technique (3). As the models 

used in the present investigation were made of bakelite 

BT 61-893, the effect will be described with particular reference 
to this plastic. The annealing characteristics of bakelite are 
explained on the assumption that it consists of two principal 
phases. One of these phases, the A phase, is readily fusible at 
low temperatures and the other, the C phase, fuses only at quite 
high temperatures. As the temperature rises, the viscosity of 
the A phase is rapidly lowered until at about 230 F this phase no 
longer has appreciable strength. If a load were now applied to 
the bakelite it would be carried entirely by the remaining three- 
dimensional lattice—the C phase. Under these conditions the 
deformation produced by a given load will be about 640 times 
that which would occur at room temperature. The correspond- 
ing photoelastic effect is about 26 times as great as at room tem- 
perature. When the temperature is lowered while the bakelite 
is still under load, the A phase solidifies, filling the interstices of 
the space lattice formed by the C phase. Then, when the load 
is removed, the specimen will remain deformed and continue to 
exhibit substantially the same photoelastic fringe pattern that 
was produced at the higher temperature under load; however, 
the specimen actually recovers an amount which is equal to 
Kin . the original deformation and the optical effect is reduced 

Y 26. 

Taking advantage of this phenomenon, it is possible to spin a 
bakelite model of a rotor at constant speed, raise the temperature 
to 230 F, cool slowly, then stop the rotation, remove the model 
from the mounting, and examine the resultant photoelastic 
pattern at leisure. This method avoids the difficulties of a 
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stroboscopic study and makes possible photoelastie investiga- 
tions of a class of problems of great importance in engineering 
design. The present problem illustrates these possibilities. 

The models used were made of bakelite BT 61-893, as noted 
previously. The diameter of the model was limited by the sise 
of plate available and the dimensions finally selected, as shown 
in Fig. 1, were: Outside diameter, 2b = 5.45 in.; radius of cirele 
containing centers of holes, a = 1.00 in.; spacing of holes, 60 
deg; diameter of holes, d = 0.250 and 0.375 in. for model sets 
A and B, respectively. Since the speed of rotation was limited 
by practical considerations to 1800 rpm, it was deemed advisable 


_to use a model thickness of approximately 1 in. to seeure a suf- 


ficiently high order of isochromatie fringe (about the 9th) at the 
points of maximum stress. Polished plates of bakelite were not 
available in thicknesses greater than '/; in.; therefore, it was 
necessary to use two identieal models of this thickness and sub- 
sequently to examine them together in the polariseope so that 
the optical effect would be double that secured with one model. 

Oversized disks were first cut out of the bakelite plate with a 


O 
ti-@ 

Fie. 1 THe Form or THE MopELs 
coping saw. The holes were org 
drilled in the disks using a steel 
faceplate shown in Fig. 2 as a 
drill guide. The disks were then 
bolted together to the faceplate 
and turned to the proper out- 
side diameter. 

The mounting system was devised with the dual purpose of 
keeping the disks accurately centered during annealing and offer- 
ing & minimum of constraint to their deformation. Since it was 
not possible to eliminate all constraint, a compromise was made, 
partially constraining the model by the use of supporting bolts 
in three of the holes at 120-deg intervals and allowing the other 
three holes to be entirely free. The faceplate shown in Fig. 2 
was used to hold the bolts. To reduce the constraint at the 
three bolts it was decided to use undersized bolts and surround 
them with rubber bushings. The use of undersized bolts gave 
the further advantage that centering could be done by shifting 
the bolts slightly in the holes of the faceplate. Accurate center- 


Fie. 2 THe Facepitate Usep 
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ing was effected by using a dial micrometer to test eccentricity; 
small errors were corrected by tapping the bolts. A section de- 
tail of the method of mounting the models on the bolt is shown in 
Fig. 3. Rotation was produced by a synchronous motor on 
whose shaft the faceplate made a tight friction fit. 

An oven heated electrically was built around the models and 


Fic. 3. UnpersizE Bours Firrep With RusBER BusHincs WERE 
Usep To MouNT THE Disks ON THE FACEPLATE FOR SPINNING DuR- 
ING ANNEALING 
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Fic. 4 Temperature CycLte FOR ANNEALING THE MODELS 


Fig. 5 Frince Patrern or A, One Disk 


their mounting, the motor shaft projecting through the oven’s 
side. Immediately after machining, the models were mounted, 
set in rotation, and the temperature varied in the manner shown 
in Fig. 4. Upon return to room temperature the models were 
removed from the oven, demounted, and photographed in the 
various desired combinations. Like tests were made upon 
model sets A and B. 

Figs. 5 to 8, inclusive, show the successive stages in the devel- 
opment of the isochromatic fringe pattern for model A. The pic- 
tures show the fringe pattern corresponding to relative rotative 
speeds of 1, +/2, ./3, and 2, respectively. Actually they werenot Fic. 8 Frince Parrern or Move. A, Four Disks 


rr 
Fig. 6 FriInGe PatreRN A, Two Disks 
Fic. 7 Fringe Patrern or Move. A, THREE Disks 
differ 
Moun: 
An. 


) NEWTON—A PHOTOELASTIC STUDY OF STRESSES IN ROTATING DISKS 


obtained by varying the speed of a single model, but by super- 
posing, successively, one, two, three, and four identical disks 
having the form of model A. Isochromatic lines appear first at 
the points of maximum stress which lie on the edge of each hole, 
approximately where the lines joining the center of the hole to 
the centers of the adjacent holes intersect the edge. Beginning 
as points, the fringes quickly become crescents and then form 
ovals encircling the holes. Further increase of speed causes the 
ovals to swell until they meet between the holes and snap apart 
to form a hexagon in the central portion of the disk and a rosette 
outside the holes. Shortly thereafter the rosette breaks at 
points radially beyond the holes and snaps into closed loops 
around the six outer isotropic poimts which lie between the 
' holes a short distance beyond the circle of centers: There is also 
an isotropic point at the center and one radially inward from 
' each of the free holes (the hole at the top of each picture was 
_ free). A study of the development of the isochromatic pattern 
in this manner overcomes one of the characteristic disadvantages 
of the stress-freezing method which ordinarily does not permit 
observing the formation of the pattern. 


Fic. 10 Frince Parrern oF Mopeu B, Two Disks 


Close examination discloses that the patterns around the free 
p holes and those around the holes which held the model do not 
differ greatly. One may, using Saint Venant’s principle, con- 
fidently apply the results obtained from a study of the patterns 
around the free holes without fear that the constraint of the 
mounting has appreciably affected these results. 

An auxiliary test of a beam in pure bending was made to deter- 
mine the principal stress difference represented by the first-order 
chromatic fringe. A beam was made from the same plate as 
4 - models and subjected to the same annealing cycle while 
oaded by a pair of couples of known magnitude. Fig. 9 shows 
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the residual fringe pattern. From elementary theory of strength 
of materials the stress-optic constant was computed to be 3.73 Ib 
per sq in. per in. per fringe. 

Because of the difficulty of accurately lining up four disks, the 
pattern of two disks, shown in Fig. 6, was used for the quantita- 
tive determination of the maximum stress. A similar pattern for 
model B is shown in Fig. 10. The maximum order of line ap- 
pearing around the three free holes was determined from the 
original photographic plates by use of a magnifier. It was found 
to be 9.0 and 9.7 for models A and B, respectively. The total 
thickness of the model in each case was 1.046 in., so that the 
corresponding stresses were 32.2 and 34.6 lb per sq in., respec- 
tively. 

The effect of increasing the size of hole is to increase markedly 
the maximum shear stress (shown by the order of the isochro- 
matic fringe) throughout the parts of the disk away from the 
holes (compare Figs. 6 and 10), whereas the stress around the 
holes increases only slightly. 


APPROXIMATE THEORY 


In order to provide some basis for comparison of the photo- 
elastic results with theory, an approximate theoretical solution 
was constructed. The starting point was the assumption that 
the thickness of the disk was sufficiently small compared with 


Fic. 11 A Bopy, Wits a HOLE IN THE TENSION FIELD, SuBJECTED 
TO UntrorM TENSIONS AT RIGHT ANGLES TO Eacuo OTHER 


its diameter that a plane state of stress might be expected. Such 
a hypothesis is justified by a study of the exact solutions avail- 
able for a disk of uniform thickness (4) and a disk having the 
form of a flat ellipsoid of revolution (5). On the basis of this 
assumption Timoshenko (6) gives the following solution for a 
solid disk of uniform thickness 


8 


o, = 


pw?(b? — r?) 


1 + 


pw*h? — pwr? 

where o, and o, are, respectively, the radial and tangential 
stresses; v is Poisson’s ratio; p is the density of the disk; w is 
the angular velocity; } is the radius of the disk; and r is the dis- 
tance from the center to the point under consideration. 

In order to estimate the effect of a hole not at the center we 
consider a body subjected to uniform tensions o; and a: at right 
angles, as shown in Fig. 11. If we designate the tangential stress 
at the edge of the hole by «, we may compute o by superposing 
the results for an infinite plate with a hole under tension and 
the results for the same plate with the tension at right angles 
to the first (7). This gives 


oe 
xt 
Fic. 9 FrtInGE PaTrerNn oF A BEAM IN PURE BENDING 
| 
= 2 
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o = o; (1 — 2 cos 26) +a[ 


= + —2 — [2] 


If we assume that o; > o; and designate the maximum value of 
o by o,, putting @ = +(x/2), we obtain 


We may now obtain an approximate solution for the maximum 
stress on the periphery of a noncentral hole by neglecting the 
variation of the tangential and radial stresses in the neighbor- 
hood of the hole and replacing o; and o; in Equation [3] by o, and 
¢,, respeetively, from Equation [1]. If the center of the hole is at 
a distanee a from the eenter of the disk, we have 


om = 30,— = pw* + vat} [4] 


Comparing this result with Equations [1] we see that we 
shall expect the maximum stress to be found at either the inner 
or outer edge of the holes. The magnitude of the stress com- 
puted by Equation [4] is 27.6 lb persqin. As noted previously, 
the maximum stress actually oceurs at points on the edges of the 
holes about 60 deg from the innermost points and has the magni- 
tude 32.2 and 34.6 lb per sq in. for models A and B, respectively. 
We may explain the quantitative discrepancy by noting that 
the stress should be greater than that predicted by Equation [4] 
because the holes reduce the net eross section of the disk around 
the circle of centers. 

We may attempt, in a naive way, to take account of the effect 
of this reduction of cross-sectional area by multiplying the value 
of the maximum stress given by Equation [4] by the ratio of the 
cross-sectional area along the circle of centers before drilling the 
holes to the area after drilling. This gives 


2xa 
om = pw | b va ) 


The assumption here is that the form of the stress distribution is 
unaltered by the reduction of area but that the maximum stresses 
are in the inverse ratio of the areas. This is clearly not the case 
and we should expect the stress to redistribute itself in such a 
way that the maximum value would be less than that predicted 
by Equation [4a]. Actually this effect occurs and the stresses 
of 36.3 and 43.0 lb per sq in. for models A and B, respectively, 
computed by Equation [4a] are higher than the actual stresses. 
The appearance of the isotropic points is easily understood. 
The one at the center needs no comment. In an unpierced disk 
the tangential stress exceeds the radial stress everywhere except 
at the center, where they are equal, as seen from Equations 
[1]. The effect of the holes is to increase both the tangential 
and radial stress near the holes. Since, however, the isotropic 
points are ones at which the radial and tangential stresses are 
equal, it follows that the increase of the radial stress is the 
greater and this results in the appearance of isotropic points not 
at the center. The nonappearance of isotropic points radially 
inward from the holes in which the disks were supported is ex- 
plained by the fact that the deformation of the disks causes the 
rubber bushings of the mounting to exert an inward radial 
pressure at these holes. The effect of this compression was to 
reduce the radial tension below the tangential-tension value. 
Inspection of Equations [1] and [4] shows that the stress dis- 
tribution depends upon the value of Poisson’s ratio. For ma- 
terials commonly used in rotor construction this value ranges 
between 0.25 and 0.30. In bakelite at 230 F it is 0.50. This 
large difference fortunately affects the maximum stress but little. 
Computing the maximum stress from Equation [4], we find that 
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the value obtained differs by less than 4 per cent when the ex- 
treme values 0.25 and 0.50 are used. It is further reassuring to 
note that the stress in the bakelite will be greater than that in the 
corresponding metal rotor so that a design based on photoelastic 
data will certainly be safe. A rather thorough investigation of 
the effect of the value of Poisson’s ratio upon the stress dis- 
tribution by Coker and Filon (8) also led to the conclusion that 
the error introduced could safely be neglected. 


ConcLusions—ACKNOWLEDGMENTS 


The technique utilized in this problem is applicable to a great 
variety of other problems involving centrifugal stress. Prob- 
lems in which gravitational body forces are replaced by cen- 
trifugal forces have already been attacked stroboscopically 
(9). They can now be handled with greater facility by stress 
freezing. This technique obviates use of elaborate loading devices 
necessitated by the requirement that photoelastic specimens be 
observed under load. Hetényi has discussed its applicability to 
problems of three-dimensional stress (3). 

Certain refinements of technique suggest themselves for sub- 
sequent experiments. In the present investigation, although 
the maximum shearing stress was determined throughout the 
rotor (this is directly proportional to the order of the isochro- 
matic fringe), the direct stress was found only at the free bounda- 
ries of the holes. For the design of a rotor made from a duetile 
material such information would usually be sufficient since the 
maximum shearing stress is the customary design criterion. 
However, if auxiliary measurements of the change in thickness 
of the disks be made and the stress trajectories be plotted from 
the isoclinic lines, it would be possible to determine completely 
the state of stress throughout the rotor (2). Because of the 
small value of the modulus of elasticity (Z = 1070 lb per sq in. 
and the large value of Poisson’s ratio (v = 0.50) at the elevated 
temperature, the amount of the lateral deformation is large and 
easily measured with satisfactory accuracy. The use of 
polariscope in which light is reflected and passes twice throug) 
the model, thus doubling the optical effect for a given thicknes 
would eliminate the necessity of using duplicate models. It « 
quite likely that other forms of mounting can be devised whic? 
will permit even greater freedom of movement of the mode 
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A Rational Definition of Yield Strength 


By W. R. OSGOOD,' WASHINGTON, D. C. 


Explicitly or implicitly the yield strength of a material 
is often used as a measure of incipient structural damage. 
With the yield strength determined by conventional 
methods, however, it cannot be said in general for two 
structural elements geometrically alike but of different 
materials that similar loads, producing maximum stresses 
equal to the yield strengths in the two cases, are simply 
related to the yield strengths. A definition of yield 
strength is proposed in this paper which often has the ad- 
vantage that, for geometrically similar structures of 
different materials, loads producing maximum stresses 
equal to the yield strength are proportional to the yield 
strength. 


T IS generally recognized that most definitions of yield 
strength are arbitrary. Except in the case of the simplest 
stress-strain diagram composed of two straight lines, the 

modulus line and a horizontal (approximated in mild steel), the 
commonly used definitions of yield strength or yield point have 
limited physical significance. This difficuity is likely to inhere 
in any definition of yield strength, but there is an objection to 
most definitions which can be avoided or mitigated in many cases. 
When the yield strength is used as a measure of maximum allow- 
able deformation of a structural element, no simple relation ex- 
ists in general between the damaging deformations obtained with 
two materials having different stress-strain curves, except under 
conditions of pure tension or compression. Where it is a question 
of failure by instability in the plastic range, no simple relation 
exists in general between the critical loads obtained with two such 
materials. By defining suitably the yield strength, however, 
simple relations may be found between the damaging deforma- 
tions or between the critical loads. These statements become 
clear as to deformation when, for example, bending is considered. 
Suppose that a section of a straight beam is subjected to a 
bending moment M such that, in the extreme tensile fiber, a yield 
strength S; is just reached. Then from Fig. 1 we may write 


C1 
M = sybdy 


this equation may be written 


h? 
M = ——— bsede 
€2)? Jer 


where e is the strain in the fiber at the distance y from the neutral 
axis, and e, and e, are the strains in the extreme tensile and com- 
pressive fibers, respectively. Now consider a second beam of the 
Same cross-sectional dimensions but of different material sub- 
jected to a moment M’ which produces a tensile extreme fiber 
stress equal to the yield strength S,’ of this material. The rela- 
tion between bending moment and extreme fiber strains e,’ and 
é:' for this beam is 

‘ National Bureau of Standards. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1940, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


Since y = 


— & 


= 

— Je’ 

The two moments M and M’ will be simply related only if a 
simple relation exists between the stress-strain curves of the ma- 
terials. If the two stress-strain curves are affinely related, that 


is, the one curve could be got from the other by the transforma- 
tion 


where @ and £ are constants, then we should have for the second 
beam 

Bh? 
= bsede 

— €2)? Jes 

or 


the simplest possible relation between the two bending moments. 
It is seen from Equation [1] that with S, the yield strength of the 
first material and S,’ the yield strength of the second, it is possible 
to define yield strength in such a way that 8 = S,’/S,. It will be 
explained later how yield strength must be defined in order that 6 
will have this value. 


Fig. 1 


SrraicHT BEAM SUBJECTED TO BENDING Moment M 


Fie. 2 Stress-Strain CurRvVES To ILLUSTRATE THE DETERMINATION 
OF AND 
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The determination of a and @ is illustrated by Fig. 2, which 


shows two stress-strain curyes, related by Equations [1]. We 
have for any corresponding points 
s’ 
e Qa 


This equation states that 8/a is in the ratio of the secant moduli 
for corresponding points, which in itself is not of much help. At 
the origin, however, this ratio is E’/E, the ratio of the moduli of 
elasticity, a known quantity. Since Equation [3] is an identity, 
in that it holds for all corresponding points, we see now how to 
identify such points. The secant moduli for corresponding points 
on the stress-strain curves must be in the ratio of the moduli of 
elasticity. Corresponding points, therefore, are the points of 
intersection with the stress-strain curves of lines through the 
origin (secant-modulus lines) having slopes proportional to the 
moduli of elasticity, such as the lines in Fig. 2 with the slopes mE 
and mE’, where 0 < m <1. The values a and 8 are now seen 


immediately to be given by 
S1'/(mE’) Si’ 
ey S:/(mE ) S,E’ Si 


where the points (e:, Si) and (e,’, S,’) are the points of intersec- 
tion mentioned. The values a and 8 do not depend upon m 
because any value of m between 0 and 1 determines corresponding 
points, and by the hypothesis of Equations [1] a and 8 are con- 
stants. If the stress-strain curves are single straight lines, a and 
8 may have any values subject to the condition B/a = E’/E. 

It now becomes evident how yield strengths must be deter- 
mined if Equation [2] is to hold. By referring to Equation [4] 
for 8, it is clear that the yield strength must be defined as the 
stress represented by the intersection with the stress-strain curve 
of a line through the origin, having a slope m times the modulus of 
elasticity of the material, where 0 < m < 1. 

Examination of a considerable number of (compressive) stress- 
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strain curves of different materials has shown that, for a given 
material (as supplied commercially, for example), the relations in 
Equations [1] do often in fact actually hold to a good degree of 
approximation. In order to determine whether two stress-strain 
curves are affinely related, as indicated in Equations [1], it is only 


m,£E for the one curve and with slopes mE’, mE’,....... m,E’ for 
the other curve. If the two curves are affinely related, it will be 
found that the ratios of corresponding strains ¢,'/e:, €2’/@2,..... 
e,'/e, are all equal, equal to a, let us say; and that ratios of corre- 
sponding stresses 8;’/s8), 82'/82,..... s,’/s, are all equal, let us say 
equal to 8. 

The choice of m for determining yield strength is largely a 
practical matter. If m is taken less than '/:, the stress-strain 
curve of the material will have to be obtained for greater strains 
than is now customary. On the other hand, if m is taken near to 
1, the yield strength so determined will be a stress below which 
little plastic action has occurred. 1 4 

This method of determining yield strength (in compression) 
has been used by the author for some years to compensate for 
variations in test results? due to variations in the mechanical 
properties of the materials of the test specimens. It was being 
used by the Heintz Manufacturing Company, Philadelphia, Pa., 
in 1936, according to information received by the author at the 
time from F. M. Lambert of that company. 


2 “Column Curves and Stress-Strain Diagrams,"’ by W. R. Osgood, 
National Bureau of Standards, Journal of Research, vol. 9, Research 
Paper No. 492, October, 1932, pp. 571-582. 

“Column Strength of Tubes Elastically Restrained Against Rota- 
tion at the Ends,’’ by W. R. Osgood, National Advisory Committee 
for Aeronautics, Report No. 615, Washington, D. C., 1938. 

“The Crinkling Strength and the Bending Strength of Round 
Aircraft Tubing,’”’ by W. R. Osgood, National Advisory Committee 
for Aeronautics, Report No. 632, Washington, D. C., 1938. 

“The Column Strength of Two Extruded Aluminum-Alloy H- 
Sections,’’ by W. R. Osgood and Marshall Holt, National Advisory 
Committee for Aeronautics, Report No. 656, Washington, D.C., 1939. 
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Experimental and Theoretical Investigation 
of a Turbine Foundation 


By SERGIUS VESSELOWSKY,! DETROIT, MICH. 


This paper contains the results of a study made on a 
turbine foundation for the purpose of elucidating con- 
ditions which favor the building up of excessive vibrations 
when the unit is in operation. The structure studied 
was a steel framework supporting a concrete table with a 
turbogenerator erected on it. The experimental part 
consists of (@) dynamical loading of the structure and 
(6) determination of its elastic constants. The theo- 
retical treatment of the problem consists of the deter- 
mination of the frequencies and the modes of the natural 
vibrations by analytical methods. A comparison of the 
theoretical results obtained with the experimental find- 
ings is made. The results of the study indicate that 
vibrations of a turbogenerator on its foundation, for units 
of conventional design, can be treated as vibratory motion 
of a deformable body supported by a system of massless 
springs. Some rules to be followed in designing and 
means of changing a critical frequency in a desired sense 
also are included. 

The present investigation was undertaken in an effort 
to eliminate the uncertainty which exists in the design 
of the foundations for turbogenerators, particularly 
where a steel substructure is used. 


HE first part of the paper consists of a description of tests 
"Tonics were conducted on a foundation supporting a 30,000- 

kw turbogenerator of conventional design operating at 
1800 rpm. The aim of the experimental investigation was (a) 
to locate various critical frequencies at which natural vibrations 
occur in this type of structure and to find their corresponding 
modes and (b) to determine some of the elastic constants of the 
structure. This is followed by an analytical treatment of the 
same problem. 

The foundation used for the tests was formed of four steel 
portals, erected on the principal mat of the Conners Creek power- 
house of The Detroit Edison Company and a heavy concrete 
table on which the machine was assembled. The mat of the 
building is a strong plate of reinforced concrete over 6 ft thick 
and resting on wooden piling of some 25 ft depth. This con- 
struction insured a complete immobility of the base of the steel 
portals supporting the machine. Not even the slightest vibra- 
tions were noticeable at these points. The soil under the power- 
house is Detroit blue clay and has permitted a total settlement 
of the mat from 1924 to 1935 of 2 in. 

Figs. 1, 2, and 3 reproduce the structure. Its principal dimen- 


' Research Department, The Detroit Edison Company. 

Presented at the Fourth National Meeting of the Applied Me- 
chanics Division of THe AMERICAN SocreTy OF MECHANICAL ENGI- 
NEERS, Pittsburgh, Pa., June 11-13, 1936. This paper is part of a 
dissertation submitted in partial fulfillment of the requirements for 
the degree of doctor of science at the University of Michigan. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1940, for publication at a later date. Discus- 
sion received after the closing date will be returned. 
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sions are: Total length, 47 ft; height of the table over the con 
denser floor, about 28 ft; width of the concrete table, 28 ft. 

The table is a heavy plate of concrete reinforced by a network 
of steel beams and is mechanically isolated from the rest of the 
building. On this table is assembled the turbogenerator. The 
connection between the table and the machine was exceedingly 
strong. Rigidity of this connection was a very important fea- 
ture determining the possible deformations of the unit and 
therefore the modes of the natural vibrations of the system. 


EXPERIMENTAL STUDIES 


Natural vibrations of the structure were studied first experi- 
mentally by means of a dynamic load. This brought to light 
critical frequencies of several natural vibrations of the system 
and revealed their modes, i.e., the configurations through which 
the system was moving when vibrating. Dynamic loads con- 
sisting of harmonic impulses of known direction and frequency 
were applied at various points while observing the vibrations 
produced at every frequency ‘» different parts of the structure. 
These impulses were produced by four vibrators. Each vibrator 
consisted of a strong frame, supporting between two ball bearings 
a shaft on which a radial arm was fixed. This arm had two sym- 
metrical openings—one from each extremity. When an un- 
balance was artificially created, in the form of a bolt inserted into 
one of the holes of the arm, a rotational radial force due to cen- 
trifugal action came into play. 

Placing two vibrators, one against the other and letting them 
run in opposite directions, it was possible to produce only hori- 
zontal or only vertical impulses of double intensity. 

Each vibrator was rotated by a separate synchronous motor 
of 7'/2 hp through a chain drive, which gave an electrically 
“rigid connection” between different vibrators. All of the 
motors which operated the vibrators were fed from a common 
motor generator set, the speed of which could be varied. Thus, 
it was possible to change the frequency of all the impulses given 
by the vibrators to the structure without altering their phase 
relations. 

Placing vibrators at different points on the slab and changing 
the phase difference between individual motors and their vibra- 
tors, it was possible to have any desired phase sequence of dif- 
ferent impulses in such manner as to give to the slab any desired 
dynamical loading. Vibrators were bolted very solidly to the 
table and embedded in about 4 in. of concrete to prevent any 
local vibrations. 

To check the phase sequence of various vibrators already 
rotating, a stroboscope was used, as well as a special arrangement 
consisting of sets of contacts attached to the rotating arms of 
the vibrators so that the correct phase relation of vibrators was 
made visible at low speed by special signal lights. 

The rate of energy consumed by the motor driving the vibrator 
was measured by wattmeters and their readings plotted against 
the speed. Noticeable peaks corresponding to critical fre- 
quencies were not found on this curve as had been expected.” 
Evidently the greatest part of the energy dissipation was due to 


2 “Technische Schwingunslehre,”’ by W. Hort, J. Springer, Berlin, 
Germany, 1922, pp. 193-194. 
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(a) to the “‘softness’” of the structure as compared with the 
strength of the shaft and (b) to the fact that the rotating masses 
form less than one tenth of the whole vibrating system. This 
can be checked on the known formulas for the critical frequencies 
of the turbine on an elastic base.* \ 

Elastic reactions of the structure, generated by various defor- 
mations, were determined either experimentally or analytically. 
Reactions of the steel framework caused by horizontal deflections 
were determined experimentally. For this purpose turnbuckles 
were attached to the columns of the building on one side and to 
the foundation on the other, at points A, B, and C shown in Fig. 
5, with accurate dynamometers inserted between. By tightening 
the turnbuckles, it was possible to produce any desired intensity 
of the force measured by the dynamometers. Deflections were 
measured by two microscopes rigidly fixed to the table at the 


ii | IL | | 


(d) (c) 


(a) (e) 


Fig. 1 Tue STEEL FRAMEWORK OF THE FOUNDATION 


Fig. 2 THe Concrete TABLE 


air resistance of the rotating arms but not due to friction in the 
structure. The amplitudes of vibrations were measured by a 
recording Geiger vibrograph. 

For every combination of impulses the observed amplitudes 
were plotted versus the frequency with the setup as described 
previously. A number of sharp peaks were observed on the 
curves representing the amplitudes of vibrations (horizontal or 
vertical) at various points on the slab plotted against the variable 
frequency of the impulses given to the structure, evidently 
corresponding to critical frequencies of some modes of vibra- 
tions, as shown in Fig. 4. 

The results obtained coincided very closely with those ob- 
tained by other experimenters in their tests made in other power- 
houses of The Detroit Edison Company on various units identical 
with or similar to that experimented upon by the author. The 
difference in the experimental setup was that their tests were 
made, not with the vibrators, but using the unavoidable un- 
balance of the rotating part, which causes impulses in the bearings 
of the unit. Evidently the gyroscopic effect of the rotating 
masses on the whole vibrating system is negligible. This is due 


I 
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Fic. THe TurRBOGENERATOR AND FOUNDATION ASSEMBLY 


b 


500 1000 1500 2000 Rpm 


Fig. 4 Composire FREQqUENCY-AMPLITUDE CHARACTERISTIC OF THE 
Unit as OBSERVED 


{(a) Weak vertical vibrations at the middle of the unit. (b) Violent vertics 
vibrations of the exciter end. (c) Vertical vibrations over the entire lens 
of the table with amplitudes increasing away from the axis of the ut 
(d) Horizontal vibrations especially pronounced in the generator part. | 
Vertical vibrations especially pronounced in the turbine part.] 


Co., Inc., New York, N. Y., 1927, pp. 1135-1136. 
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e i points D and E, and focused on two immovable scales rigidly i- y? a? 
attached to special light columns erected on the condenser floor Ve = (3 xX 10 2 + X + 2 - [4] 
is 4 and free from any deflections of the slab. Magnification of the 
3 of microscopes was sufficient to measure displacements with an ANALYTICAL DETERMINATION OF THE VERTICAL RIGIDITY OF 
accuracy of not less than 0.002 mm. Knowing the displace- Various PARTs OF THE STRUCTURE 

| _ ments of the points D and E, it was possible for every load to The important features of the structure on which the computa- 
of the tions were based are the following: (1) The bottom of the steel 
longituc the table was not deformed under powerhouse. (2) The foundation and the unit were sym- 
the : metrical with respect to the vertical plane passing through the 
ig. - Forces in the longitudinal direction were varied from 0 to iy 

: : ea shaft. (3) The concrete table was assumed rigid if acted upon 
ng 20,000 lb, while those in the transverse direction were changed by forces contained in its plane, therefore, the top ends of the 
ty — columns could be deflected only as a movement of the whole 
pre In most cases when the turbine is directly coupled to the unit, (4) The forces acting on the structure during the vibra- 
she 


tions were symmetrical harmonic impulses of high frequency. 
(5) The knots of the steel structure are assumed to be perfect 
joints. 

It follows from (2) that under the action of vertical forces 
symmetrically distributed over the table, no transverse deflection 
of the unit will take place. Further, it can be concluded from (4) 
that an axial deflection of the table, acted upon by vertical im- 
pulses, will also be impossible because the natural frequency 
of the longitudinal vibrations of the unit (435 cycles per min) 
is much lower than that of the impulses taken place during ver- 
tical vibrations (1050 or 1735 cycles per min). The top ends of 
the columns, therefore, undergo deflections only in the vertical 
direction; they are vertically guided. In this case a distinction 
is to be made between a “statical” loading of a structure and a 

“dynamic” one, in which inertia forces may become very im- 
Fic. 5 Setrup or THE Static EXPERIMENTS ON THE UnitT—THE 


Mope oF LATERAL VIBRATIONS WITH THE TABLE Riaip Is INDICATED portant. 
F Based upon these premises and using familiar methods of the 


theory of frames, the spring constants of four portals shown in 
Fig. 1 were computed, assuming every portal independent of the 


Y; 


: generator, a symmetry exists in the foundation and in the mass 
distribution of the whole unit with respect to the vertical plane 


LY 


passing through the shaft of the machine. Only the piping could 
give some asymmetric reactions, but in the present case the 
asymmetric members were of negligible rigidity. Another fea- 
ture of the structure studied was the fact that the longitudinal 
and the vertical deflections of the table were independent of 
one another. Therefore, the elastic reaction X of the structure 
in the axial direction could be represented as proportional to 
the corresponding displacement z. From experiments it was 
found that 

wherein X is expressed in pounds per inch. 

In the case of a horizontal force Y, applied at the centroid O 
in the transverse direction, not only would this point be de- 
flected y inches from its position of equilibrium, but simul- 
taneously the whole table would be rotated through an angle a, 
because the resulting reaction of the structure would not, in 
the general case, pass through the point O; inversely to any 
pair of values y and a would correspond a transverse force ap- 
plied at O and a moment M acting around the vertical axis 
through 

The statical tests made it possible to establish relations be- 
tween these quantities. For the foundation investigated these 
relations could be represented by two linear equations 


rest of the structure. With the modulus of elasticity of steel 
equal to 30 x 10® lb per sq in., these constants were found: 
K, = 11.5 X 108; K, = Ks = 8.5 X 10 lb per in.; and K, = 
10.5 X 108 lb per in. 

Masses of different parts of the unit and their moments of 
inertia with respect to various axes and planes were deter- 
mined partly by direct weighing of these members and partly 
by geometric measurements and computations. This was pos- 
sible on disassembling the unit and demolishing the whole 
structure when, for example, the density of the concrete of the 
table was determined by weighing blocks of concrete in air and 
in water. Centroids of some of the parts were determined by 
weighing them, using various points of attachment. The greater 
part of the combined masses and of the total moments of inertia 
came from the widespread concrete table of the unit. Its simple 
geometric form made the computations quite accurate. The fact 
that most of the parts of machinery are bodies of revolution 
facilitated the computations. vi 

The vibrating system under study was composed of the turbo- 
generator, rigidly connected with the table, the condenser, and 
the steel substructure. The weight of the machine and of the 
table was about 1,100,000 Ib; the condenser which participated 
in the vertical vibrations had a weight of over 250,000 Ib. On 
the other hand, the weight of the substructure was only about 


Rpm 50,000 Ib, of which only 17,000 lb were to be added to the vibrat- 
aa a ‘ ing masses. It is evident that the vibratory motion of the unit 
2] can be considered as that of a body, rigid or deformable as it 
t verti M = (170 X 10%y) + (178 X 10%a).......... [3] may be, on a system of massless springs. Other important 
rhe uni features of the structure were the independence of the vertical 
part (! where y is measured in inches and a in radians. Therefore, the and the horizontal vibrations from one another and the sym- 
-— potential energy stored in the structure, after a deflection de- metry of the structure and of the mass distribution with reference 
1 


termined by coordinates y and a, was 


to the vertical plane passing through the shaft of the machine. 
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It follows from this that if the table were rigid the vibratory 
motion of the unit would have, in the general case, six degrees 
of freedom, but in the case under consideration this motion can 
be split into four independent modes of vibrations with no more 
than two degrees of freedom each. These modes are (1) longi- 
tudinal vibrations with just one degree of freedom when the 
unit vibrates back and forth in the axial direction with purely 
translatory motion; (2) rolling vibrations also with one degree 


<-8 


Fig. 6 RouuinG VIBRATIONS OF THE UNIT 


of freedom around the horizontal axis passing through the com- 
mon centroid parallel to the shaft as shown in Fig. 6; (3) hori- 
zontal transverse vibrations with two degrees of freedom, given 
by the variation of the linear transverse deflection y of the 
common centroid of the unit and the rotation a of the table about 
the vertical axis passing through the centroid (yawing) as shown 
in Fig. 5; (4) the vertical vibrations also with two degrees of 
freedom, determined by the vertical deflections of the centroid 
in the plane of symmetry and the rotation ¢ of the table about 
the horizontal axis passing through the centroid and perpendicular 
to the shaft (pitching). 

The analytical determination of the frequencies corresponding 
to the modes of vibrations described was done according to the 
methods established in the theory of vibrations.‘ For the unit 
under study the frequency of the longitudinal vibrations was 
determined to be 435 cycles per min, while transverse vibrations 
were found to have frequencies of 297 and 435 cycles per min. 
The highest frequency found was that of the “rolling’”’ vibrations. 
The computations gave a value of 1295 cycles per min; observa- 
tions during dynamic tests have given the value of 1375 cycles 
per min. 

Experimental verification of these results by a dynamical 
loading of the structure was not possible, except for the rolling 
of the unit, because the remaining frequencies for the case of a 
rigid unit were too low and the impulses of the vibrators were 
too weak at these speeds. But the observations on three dif- 
ferent sizes of turbogenerators of The Detroit Edison Company 
during the periods of putting them on the line revealed these 
frequencies and confirmed that in accordance with the analytical 
findings they are very low for the units of the conventional 


4 “Vibration Problems in Engineering,’ by S. Timoshenko, D. Van 
Nostrand Co., Inc., New York, N. Y., second edition, 1937, art. 40. 
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design, that is, with the machine assembled on a high substrue- 
ture and with the condenser and the air cooler beneath. 

Vertical vibrations of the unit observed during the tests were 
accompanied by very obvious deformations of the table. There- 
fore, no computations are given here for the case of a rigid table 
vibrating vertically. The treatment of a more general case, 
ie., of the vertical vibrations of the unit with the table bending 
in its middle part is discussed later. 


CaAsE OF DEFORMABLE TABLE 


Vibration of a turbogenerator with its table rigid, assembled 
on a system of massless springs, would be a vibratory motion 
with six degrees of freedom. The dynamic tests showed that the 
table did not remain rigid either in the horizontal or in the 
vertical direction. The vibratory motion of a deformable 
unit of the type studied can be described with sufficient accuracy 
as having eight degrees of freedom, one additional coordinate 
each being necessary to describe the configuration of the deformed 
unit in both horizontal or vertical vibrations. 

The fact that the table underwent a noticeable deformation 
during both vertical and horizontal vibrations does not influence 
the separation of the general vibratory motion into four mutually 
independent modes due to symmetry of the structure as de 
scribed. Thus, the longitudinal vibrations occurred as previ- 
ously and with no deformation of the table in this mode. The 
same is to be said about the rolling of the unit. It is important 
to note that the modes of natural vibrations which can have 
frequencies approaching the operating speed of the unit (1800 
or 3600 rpm) will be only those combined with the deformations 
of the unit. This makes it imperative to analyze what deforms- 
tions of the unit are probable. 

A characteristic feature of the design of the turbines, used by 
The Detroit Edison Company, is the great rigidity of the turbine 
shell and its strong connection with the table. In the case 
studied by the author the lower half of the turbine shell, weighing 
over 50,000 lb, was deeply imbedded in the concrete of the table 
and bolted solidly to its reinforcing beams. Therefore the 
turbine part of the unit remained rigid during both the vertical 
and the horizontal vibrations, in spite of the great opening in 
the table for the exhaust steam. The remaining parts of the 
system underwent deformations and these were different in the 
case of the horizontal or the vertical vibrations. 

What can be the deformation of the system in the first case 
under the action of a horizontal force applied at the excite 
bearing, as an unbalanced rotor would act? It can be easily 
seen that only the bedplate of the generator adds to the strengt? 
of the table, being immersed in its concrete. The generate’ 
itself does not add much to the strength of the correspondin 
part of the table because the stator, in spite of its impressivt 
weight (130,000 lb), haS a very low flexural rigidity against force 
acting perpendicular to its axis, being constructed of some * 
bundles of stampings of laminated iron sheets, with as many # 
ducts in between, and held together by a very light frame. Th 
explains why the table acted upon by a horizontal force apple 
at the exciter end was not only rotated on the steel substructu* 

but was also deformed in its plane all over the generator leng® 


By the reasons explained later the condenser did not particips* 


in these deformations. 


Therefore, our system vibrating horizontally consisted of 
machine and the table, and assumed the shape represented 


Fig. 7b. 
The deformations observed during the vertical vibrations ° 


the unit were quite different. As can be seen from Fig. 8a, E 
vibrating system, consisting of the turbine with its conden ~ 


the generator, and the table, is particularly characterized by! 


great reduction of its flexual rigidity in the indentation betw % 
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the turbine shell and the generator. This was due (1) to the very 
configuration of the turbogenerator representing two different 
machines coupled together; (2) to the presence of a bolted joint 
between the lower exhaust shell of the turbine and the bedplate 
of the generator; and (3) to the discontinuity of the longitudinal 
steel beams B10-B13, which are cut twice by the transverse 
beams B21 and B7, as shown in Fig. la. The rigidity of the 
unit in this indentation, compared with that in other vertical 
cross sections, was so small that it can be considered as a very 
flexible joint. 

Another cross section, having a very low rigidity was the hood 
connecting the exhaust shell of the turbine with the condenser. 
The great inertia reaction of the massive condenser (250,000 Ib 
weight) at the frequencies observed (1050 and 1735 cycles per 
min) caused a bending of the hood, which is built as a frustum 
of a pyramid 60 in. in height with very thin walls (1 in.) bolted 
to the turbine shell and to the condenser. It can be proved 
easily that the hood was too flexible to transmit horizontal 
components of the vibrations of the condenser body. Therefore 
the condenser was not vibrating during horizontal vibrations 
of the unit. On the contrary, the vertical component of the 
inertia reaction cannot cause a noticeable deformation of the 
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hood and, as a result, the centroid of the condenser followed the 
vertical movements of the point B of ‘the turbine shell as shown 
in Fig. 8b. 

Finally it can be assumed with a great degree of approximation 
that the deformations of the unit were plane deformations, since 
the cross beams of the table were not deformed. The horizontal 
transverse and the vertical vibrations of a unit with the deforma- 
ble table are treated in the following manner. 


HorIzONTAL VIBRATIONS (TRANSVERSAL) 


On placing the vibrator near the exciter bearing and letting 
it run so that horizontal impulses perpendicular to the shaft 
direction were given to the slab, a mode of vibration was found 
with a critical frequency of nearly 1550 cycles per min having 
highest amplitudes at the middle part. The observed vibrations 
were horizontal and were combined with an evident deformation 
of the table, as represented in Fig. 7a. 

Transverse vibrations of a rigid table, as explained, occur as 
motion with two degrees of freedom. The deformation of the 
table increased the degrees of freedom of the unit by the number 
of coordinates which were necessary to determine this deforma- 
tion. Using the approximation suggested in the treatment of 
similar problems by Lord Rayleigh,® the elastic line of the de- 
formed vibrating generator part was assumed to be identical 
with the elastic line caused by the action of a horizontal trans- 
verse force applied to the exterior bearing. An unbalanced rotor 
would act in this way. Then the deformation of the whole 
generator part could be determined by just one coordinate, i.e., 
by the linear deflection d of the end point D from its position on 
the rigid table. The deflection of any intermediate point (from 
its position on the rigid table) would be equal to kd, where k 
is a dimensionless factor fully determined by the (assumed) 
shape of the elastic line. Therefore, in the case of a deformable 
table, the transverse vibratory motion of the unit is determined 
kinematically by the three coordinates, y, a, and d, transverse 
deflection of the centroid, rotation of the table, and its deforma- 
tion at the exciter end, respectively. 

Placing the zero of the coordinates axes in the centroid O of 
the system so that the X-axis coincides with the shaft of the ma- 
chine and the Y-axis is directed as shown in Fig. 7b the following 
relations can be established between the coordinates £,,n, of the 
point P at any instant and its coordinates ,y in the equilibrium 
position 

tat kd 

By differentiating with respect to time, and squaring and adding, 
the velocity v of the point P can be expressed as 

v? = + + + + + 2kkad..... 
where r is the distance of the point P from the centroid; the 
three coordinates y, a, and d have the same values for all points 
of the unit; and £ and & are constant for a transverse strip of the 
table. 

Dividing the generator part into ten transverse strips and 
knowing the mass m contained in each of them, it is possible to 
compute the kinetic energy of the vibrating unit. 


32 
= 5 = 5 My? + + + + 


The first two terms in the expression for T are identical with 
those obtained for a rigid table; the last three, containing the 


5 “*Theory of Sound,” by Lord Rayleigh, vol. 1, Maemillan and 
Company, London, 1896. 
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factor k, are the result of the deformation of the generator part. 
For the rigid turbine part they are equal to zero for all points. 
The term 2mé is equal to zero with the ordinate axis passing 
through the centroid of the system. 

The rigid turbine part of the unit extended up to the cross 
section PQ, determined by the configuration of the lower very 
strong shell of the turbine shown in Fig. 7a. The expressions 
Ymk*, and for the unit studied were computed to be, 
respectively, equal to 840, 1000, and 175,000; the dimensions 
of the first two figures are lb-mass; of the last lb-mass multiplied 
by inch. The total mass M of the vibrating system was 2760 lb- 
mass and the moment of inertia J with respect to the vertical 
axis through the centroid was computed to be 91 X 10*lb-mass X 
in.?/ Thus the kinetic energy 7 of the vibrating system was 
equal to 


a a 
2705 + xX + 840 > + 1000 yd 
+ 175,000ad.... [7] 


The potential energy of the deformed structure consisted of 
two parts: (1) The energy V, stored in the steel structure, as 
determined by the static tests and corrected for the additional 
deflection of the fourth portal due to deformation d of the table; 
and (2) the energy V, stored in the deformed concrete table. 
The potential energy stored in the steel substructure after the 
table had undergone a deflection determined by the coordinates 
y and a was determined from static tests. 

Deformation of the generator part affected only the portal 
supporting the exciter bearing. The spring constant of this 
portal in the transverse direction was computed equal to 0.8 X 
10° lb per in. It is evident that the deflection (y, a) caused a 
reaction in the fourth portal equal to 0.8 X 10* (y + la), where l 
is the distance of this portal from the centroid (187 in. in this 
case). A deflection d increases this reaction to the value 0.8 X 
10* (y + la + d). Therefore, the potential energy stored 
in the portal due to the deflection d was equal to 0.8 x 10 
+ la + (d/2) jd. 

The energy V, stored in the deformed concrete table was de- 
termined analytically by computing the deformation of the plane 
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frame as represented by Fig. 7a. . To the left of the cross section 
PQ the table was rigid, at the point D it was acted upon bys 
horizontal, transverse force. The angle connections were as- 
sumed rigid and areas and moments of inertia of various members 
were computed from the drawings, assuming the ratio of the 
moduli of elasticity for steel and concrete equal to ten (average 
for tension and compression). The numerical value of V, for 
this table was 1/2 X 1.1 X E,d*, where E, is the modulus of 
elasticity for the concrete and d is the deflection of the point 4; 
E, can vary® from 2.25 X 10 up to 3.50 X 10¢ lb per sq in. 
Thus V, can be written as 1.1 X B X 10®(d*/2), where B iss 
numerical factor varying from 2.25 to 3.50. 

Therefore, the potential energy V of the system in the position 
determined by the coordinates y, a, d is 


2 2 
V = (s x 106 4 4+ (170 X 10%ya) + (17s x 10 <) 


2 
+ [os 10¢ + 187a + a| + (11 X 


Forming Lagrange’s equations of the vibratory motion, we 0b 
tain the system 

27609 + 1000d + (3 X 10%y) + (170 X 10%) + (0.8 X } 

10%d) = 0 

(91 X 10%) + 175,000d + (170 X + (178 X |g 

10%) + (150 10%d) = 0 

10009 + 175,000a + 840d + (0.8 X 10%y) + (150 x 

10%) + 106(1.1B + 0.8)d = 0 | 


Proceeding in the usual way’ and assuming for Z, the vali? s 
2.75 X 10%, the frequency equation was obtained in the form 


p* — 31,081p* + (81 X 344 X 536p*) — (50 X 533 X 647 
960) =0...... (10) 


‘ Data about the values of FE, can be found in ‘‘Die Druckeli* 9 SU) 
tizitit und Zugelastizitat des Betons,” by Otto Graff, Forschun the 
arbeiten auf dem Gebiete des Ingenieurwesens, No. 227, 1920. Al ta} 
‘Modulus of Elasticity of Concrete,” by S. Walker, Bulletin N°) 
Lewis Institute, Chicago, IIl. a in 


-1 Loc. cit., footnote 4, art. 37. 
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giving for the circular frequency p the values 168; 43 and 31, 
or 1605; 411 and 297 cycles per min. 

The dynamic tests have established only the highest of the 
computed critical frequencies, i.e., the highest one at 1550 
cycles per min. The two others were too low to be noticeable 
under the impulses of the vibrators used. However, natural 
vibrations (transverse horizontal) of such low frequencies were 
observed on several units in the powerhouses of The Detroit 
Edison Company. 

Substituting every one of the values of p? in the system of 
Equations [9], the constant ratios of amplitudes Y, A, D (cor- 
responding to coordinates y, a, d) were found for every p*. This 
made possible the establishment of the mode of the vibrations 
corresponding to this frequency. For N,; = 1605 and for an 
arbitrary value of Y, the values of A and D are given by the 
equations 


The shape of the deformed table as determined by these relations 
is represented by Fig. 7c. Analogously, for N; = 411, A = 
Y/35.5 and D = 2.6Y. Finally, for N; = 297, indicated in 
Fig. 7c, A = —y/531 and D = 0.04Y. 

As can be seen from Fig. 7c for N; = 1605, the greatest am- 
plitudes were to be expected in the middle of the table. The 
ends of the table were almost immovable, because at the turbine 
end rotations almost annihilated the transversal vibrations and 
at the exciter end the deflections due to flexibility of the table 
were equal and opposite to the combined deflections caused by 
the translation and rotation. This explained very well the ob- 
servations made during dynamic tests (compare part d of Fig. 
4). 

It is interesting to note that the modes of the slower vibrations 
of 411 and 297 cycles per min were very similar to those of a 
rigid table. 


VERTICAL VIBRATIONS OF THE SYSTEM 


The dynamic tests showed that at about 1735 cycles per min 
the maximum of the amplitudes was observed near the exterior 
bearing of the turbine with much smaller ones at the exciter. 
At about 1050 cycles per min, the greatest amplitudes of vibra- 
tions took place at the points near the exciter end of the gener- 
ator, the turbine part up to the middle of the unit remaining almost 
immovable. Finally, at about 700 cycles per min, the maximum 
of the amplitudes was observed in the middle of the unit. The 
last vibrations were very weak due to the insufficiency of the 
impulses given by the vibrators at this speed. In any case, 
there was no doubt that a bending of the structure occurred 
during both vibrations somewhere near the middle of the unit. 

The instantaneous position of the vibrating system is fully 
determined by three coordinates; the linear deflection z of the 
slab at the point A, shown in Fig. 8b, and the two angles ¢ and 
¥ formed by each half of the table with the horizontal, shown in 


>) Fig. 8). The positions of the three bodies forming the vibrating 
) System, i.e., of the turbine part, of the generator part, and of the 
| condenser part, are readily expressed as functions of these co- 
} ordinates. Knowing all masses, their centroids, and the moments 
) of inertia, the kinetic energy of the system can be determined in 


terms of the coordinates chosen. 

The elastic elements of the system were formed by the four 
Supporting portals. The potential energy was determined from 
their computed spring constants and their deflections. The 


Referring to the configuration of the deformed system shown 
in Fig. 8b with the dimensions indicated, the potential energy 


V and the kinetic energy T of the vibrating system can be written 
as 


V = '/, + kalz 67.59)? + ks(z + 2609 + 30y)? + ki(z 
+ 260¢ + 210y)?.... [13] 


T = '/.M,(2 + 130¢)? + 1/2I,9? + 1/.M,(2 + 260% + 129y)? 
+ + 1/2M(2 + 170¢)?.... [14] 


Here M, denotes the mass of the turbine and the supporting 
part of the table equal, as computed, to 1260 lb mass; M, 
is the mass of the generator with the corresponding part of the 
table equal to 1512 lb mass; M, is the mass of the condenser 
equal to 650 lb mass; J, denotes the moment of inertia of the 
mass M, with respect to the horizontal transverse axis passing 
through the centroid of M,, and was computed equal to 12 x 
10° lb X in.*; J, is the moment of inertia of the mass M, with 
respect to the horizontal transverse axis passing through its 
centroid, and was computed equal to 14 X 10*lb X in.? With 
these values of the coefficients, the expressions for V and T 
become 


V= (39a + 1,323,000¢? + 471,000y? + 5500 
+ 2zy 2460 + 640,000)... . [13a] 
T = '/,{34202? + 154.3 X 10%? + 39 x 10%)? + 22¢ 667,000 
+ 2a) 195,000 + 2) 51 X 106).... [14a] 
Knowing Vand 7, Lagrange’s equations for the vibratory mo- 
tion of the system are readily derived, and for harmonic varia- 


tions of the coordinates with a circular frequency p, the following 
system is obtained: 
(39 — 0.00342p?)Z + (5500 — 0.667p*)® + (2460 
— 0.195p?)¥ = 0 
(5500 — 0.667p2)Z + (1,323,000 — 154.3p*)@ 
+ (640,000 — 5lp*)¥ = 0 
(2460 — 0.195p")Z + (640,000 — 51p*)@ + (471,000 
— 39p*)¥ = 0 


.. (15) 


Thus, the frequency equation becomes 
p* — 48,574p* + 603,044,000p* — 1,956,477,030,000 = 0. . [16] 


The three roots of this equation are p,? = 31,309, p.? = 12,100, 
and p;? = 5164; therefore, the corresponding critical frequencies 
are 1690, 1050, and 686 rpm. The values observed during the 
tests were 1735, 1050, and 700 rpm, respectively. Substituting 
each one of the found values of p? into the system of Equations 
[15], the corresponding mode of natural vibration was determined. 
Fig. 8c represents the configuration of the longitudinal axis of 
the unit deformed in the three modes determined in this manner. 
Comparison of Fig. 8c with the results of the dynamic tests 
represented in Fig. 4 (peaks a, b, e) shows that in the case of the 
vertical vibrations the agreement between the theoretical findings 
and the results of the experiments is very good and better than 
for horizontal vibrations. This is due principally to more ac- 
curate knowledge of the elastic constants of the structure. 


CONCLUSIONS 


The experiments and the analytical study just described show 
that the vibrations of the turbogenerator on its foundation of 
the type considered can be treated as a vibratory motion of an 
elastic body supported by a system of massless springs. The 
classical methods of analytical mechanics give very, satisfactory 
explanation of the phenomena observed during tests of the unit. 

If the steel substructure considered in this case were replaced 
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by a system of concrete portals, vibratory motion of such a unit 
can be also treated as has been done in the present study. The 
same method often can be applied to foundations for other types 
of machines, such as motor generator sets and electrically driven 
fans. 

It is always possible to design a foundation for a steam turbine 
so that it will be free from resonance with the operating speed 
(1800 to 3600 rpm) if the table be built rigid. This is so im- 
portant an advantage that it is worth while relinquishing the 
conventional type of table and adding to it some elements of 
trusses in the vertical planes to increase its rigidity. 

If the table is deformable, as it usually is, and if the critical 
frequency falls near the operating speed, two cases are equally 
possible: (1) Critical frequency is below the operating speed, 
and (2) critical frequency is higher than the operating speed. 
Only in the second case will a strengthening of the structure, 
so often resorted to by a practical engineer, bring favorable 
results. In the first case such a measure can make the situation 
worse by bringing the critical frequency of the structure nearer 
to the operating speed where instead an increase of dead mass 
would be indicated. 

Analysis of the dynamic properties of a given foundation and 
determination of the causes and remedies of a roughly running 
unit can be made only if the design of the structure is as simple 
as possible. Holes, recesses, and brackets must not complicate 
the initially simple form of a foundation to such an extent that 
accurate computation of the rigidity of many members is impos- 
sible. A complete consolidation must be achieved between such 
elements of compound members of the structure as the bed 
plate of the machine, the concrete slab, and its reinforcing beams. 

In solving the problem analytically, satisfactory results can 
be obtained only by treating the vibratory motion in a most 
complete and rigorous way. Any attempt to simplify the prob- 
lem and to treat different modes of vibrations observed as inde- 
pendent vibratory motions of various parts of the unit with others 
immovable, will, generally speaking, lead to erroneous results. 

As a rule, the vibrating system must be analyzed as an integral 
unit. Frequencies of various modes of vibrations of the unit 
with their antinodes in various planes of the structure are nothing 
but different roots of the same “frequency equation,’’ derived 
from the dynamic relations controlling the vibratory motion of 
the whole unit. 

It would be hopeless to expect great accuracy of the numerical 
values obtained by an analytical treatment of the problem. 
They are often affected by many incertitudes, e.g., those inherent 
to computations of the steel trusses, or those caused either by 
the variations in the value of the modulus of elasticity of con- 
crete or by the errors in the evaluation of the strength of some 
machine parts. 

It is important to note that the computed modes of vibration 
do not change much with the variation of the numerical values 
of critical frequencies. Consequently, conclusions may be 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1940 


drawn, on the basis of the established mode of vibrations, about 
the effectiveness of any change in the structure. 

Analysis of factors controlling the vibratory motion of a 
turbogenerator on its foundation clearly shows that many 
recommendations of various authorities on turbine foundations 
are illogical. Resonance, which ought to be carefully avoided, 
is determined by the elastic properties of the structure and by 
the masses and their distribution. Adherence to any arbitrary 
limiting value of static deflection or stress as prescribed by some 
authorities is by no means a measure of safety or a condition for 
success. Other authorities* prescribe to design the various 
portals of a foundation structure in such a way that their in- 
dividual critical frequencies should be identical. This considera- 
tion can be completely omitted. These same experts insist on 
the separation of a turbine foundation from the common founda- 
tion mat of a powerhouse. In the opinion of the author, this 
separation is also unnecessary and can create great difficulties 
with piping. 

The influence of various details of tht machinery can be very 
great. For instance, if the “rigid connection” between the tur- 
bine and the condenser were to be replaced by an expansion joint, 
usual in Europe, the immediate result would be a substantial 
rise of the vertical frequency (1735 cycles per min in the case 
analyzed) due to the elimination from the vibrating system of a 
very important mass. 


ACKNOWLEDGMENT 


This study has been made possible, thanks to the scientific 
approach to engineering problems manifested by the late C. F. 
Hirshfeld, former chief of research, and by J. W. Parker, vice- 
president of The Detroit Edison Company. 


To Professor S. Timoshenko, the author owes deep gratitude | — 


for his untiring interest in the present study and his advice in 
the many difficulties encountered. Many of the author’s fellow 
engineers of The Detroit Edison Company helped in the ex- 
perimental part of the study. The writer wishes to express his 
special thanks to A. C. Pasini, technical engineer of the Conner 
Creek powerhouse, and to his colleagues, Messrs. E. T. Cope and 
D. E. F. Thomas of the research department for their valuable 
cooperation during the tests. 


REFERENCES 


An extended list of references covering vibratory phenomens 
of structures can be found in the book ‘“‘Dynamik der Stabwerke,’ 
by K. Hohenemser and W. Prager, J. Springer, Berlin, 1933. 
Some studies were published in N.E.L.A. Bulletins, eg, 
“Foundations of Turbine-Generator Units,’ by E. F. Miller. 


8 Directions for the Design of Steam Turbine Foundations 0 
Reinforced Concrete (Richtlinien fiir den Bau von Dampfturbinet 
Fundamenten in Eisenbeton). Published by the German Society {0 
Building Science, Der Bauingenieur, vol. 14, no. 15/16, 1933. 


: 
| 
cep 
Wee 
4 


era- 
on 
ida- 
this 
Ities 


very 
tur- 
oint, 
ntial 
case 
of a 


ntific 
om 


vice- 


‘itude 
ice in 
fellow 
1e 
ss his 
ynners 
ye and 
luable 


omens 
rerke,” 
1938. 
(iller. 


ions of 
urbineD 
iety for 


a ® cepted until July 10, 1940, for publication at a later date. 


Critical-Speed Behavior of Unsymmetrical 
Shafts 


By H. D. TAYLOR,' SCHENECTADY, N. Y. 


The development of large two-pole turbine generators 
with rotors running above the critical speed, and having 
long core bodies slotted for field coils, makes desirable 
a working familiarity with the vibrational characteristics 
of unsymmetrical shafts. It is the purpose of this paper 
to describe these characteristics which are distinctly 
peculiar. This problem has received some attention from 
previous writers (6-9),? who have pointed out an unstable 
range of operation due to dissymmetry of the shaft, and 
some of whom made small-scale tests for demonstration. 
In the present investigation, experimental work on a 
special rotor of 10'/2 ft span and weighing over 5000 Ib 
was carried out, to test in some detail the indications of a 
thorough analysis of the problem by the late V. Petrovsky 
of the Lynn Works of the General Electric Co. This 
analysis is given in outline in an Appendix. 

The first part of the paper deals briefly with the static 
characteristics of unsymmetrical shafts, as a basis for 
defining the ‘‘degree of dissymmetry.’’ The critical- 
speed behavior of ordinary round shafts is then reviewed 
and the theoretical differences due to dissymmetry are de- 
scribed. These are: (a) With moderate dissymmetry 
compared with the degree of damping, a marked increase 
in the critical-speed amplitude, and a pronounced varia- 
tion in the amplitude with the angular position of the 
unbalance of the rotor; (6) with greater dissymmetry, 
beyond a limiting value, an infinite critical-speed ampli- 
tude, or rather, two infinite peaks, with unstable opera- 
tion between them; (c) considerable distortion of the 
phase-angle curves, such that in general the phase angle 
may be much larger or smaller than 90 deg at the critical 
speed; (d) double-frequency vibration, if the shaft is 
horizontal, with an auxiliary peak, or ‘‘subcritical’’ at 
half the main critical speed. 

Tests on the 5000-lb rotor are described which give 
general confirmation of these characteristics. 


HE effects of an unsymmetrical cross section on the vibra- 
tional or “whirling” characteristics of high-speed rotors, 
such as long two-pole turbine generators, are remarkable— 
even startling, to those familiar with ordinary critical-speed 
phenomena but unacquainted with this special subject. Previous 
writers (6, 7, 8, 9) have pointed out that a rotor with an unsym- 
metrical shaft may have two peculiarities: (a) Unstable opera- 
tion over a range of speed lying between the two critical speeds 
corresponding to the principal axes of inertia, and (b) double- 


' Turbine Generator Engineering Department, General Electric Co. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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frequency vibration, with a resonant peak at about half the 
ordinary critical speed. This second point has also been dealt 
with by other writers who have omitted all reference to the 
first. 

The purpose of this paper is to present the peculiar theoretical 
characteristics of unsymmetrical shafts in relatively simple 
quantitative terms on the basis of an independent analysis; 
and to describe their general confirmation by shop tests on a 
special 5300-lb rotor. This subject is of current interest be- 
cause of the recent development of large two-pole turbine gener- 
ators having the critical speed of the rotor well below the running 
speed of 3600 rpm, and with the possibility of an appreciable 
degree of dissymmetry due to the slotting of the rotor body for 
the field coils. 


NOTATION 
The nomenclature used in this paper is as follows: 


= damping ratio, = b/V/ em (= E/r, for u = 1) 
damping constant, force per unit of velocity 

= stiffness constant of shaft, average, (c: + c2)/2 

c, = stiffness constant of shaft, minimum, along weak axis 
¢ = stiffness constant of shaft, maximum, along stiff axis 
d = dissymmetry ratio, defined in Equation [1] 

D = damping force 

E = eccentricity of center of gravity 

F = resultant deflecting force on shaft 

h = — ¢)/2, so that = ce—hande =ct+h 
m = mass of rotor = W/g 

r, = radius of path of center of gravity 

r, = radius of path of shaft center, or deflection 

#, = reflection of r,, as vector, in OX axis (stationary) 
7,’ = reflection of r,, as vector, in OX’ axis (rotating) 
r, = radius of static-deflection circle, (y; — ye) /2 

R = radial component of deflecting force 

T = tangential component of deflecting force 

u = relative speed, running speed /critical speed 

W = weight of rotor = mg 

z = horizontal component of static deflection 

y = vertical component of static deflection 

y¥: = maximum static deflection, weak axis vertical 


Y2 = minimum static deflection, stiff axis vertical 
Yavg = average static deflection, (y: + y2)/2 
a = angle between deflection and weak axis 
8 = angle between deflecting force and weak axis 
5 = angle between unbalance vector and weak axis 
w = speed, radians per sec 
@ = phase angle between unbalance vector and deflection 


Nore: Bold-face type indicates vector quantities. 


Static CHARACTERISTICS OF AN UNSYMMETRICAL SHAFT 


Some of the static characteristics of an unsymmetrical shaft 
are interesting and have an important bearing on the running 
characteristics. Fig. 1 illustrates the variation in the static 
deflection of a horizontal shaft, if it is rolled over slowly, the 
deflection being a maximum when the “weak axis” is vertical 
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(position A) and a minimum when the weak axis is horizontal 
(position C). (Here the “weak axis’ means the axis along 
which the stiffness is a minimum.) For intermediate positions 
(as at S) the shaft center traverses a circular path through the 
extreme points, and makes two complete circuits of this path per 
revolution of the shaft. 

It is this variation in the position of equilibrium of a horizontal 
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Fig. 1 VARIATION IN STATIC DEFLECTION OF AN UNSYMMETRICAL 
SHarr 
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unsymmetrical shaft that is responsible for a disturbance when 
the shaft is running, substantially like that which would be due 
to a mechanical unbalance rotating at twice shaft speed, pro- 
ducing double-frequency vibration of the shaft, with a resonant 
peak at a shaft speed of about half the average fundamental 
critieal speed. An analytical study of this double-frequency 
shaft vibration is given in the Appendix and test observations 
on the 5300-lb rotor will be included later. 

With regard to the main critical speed, another static char- 
acteristic is of perhaps more vital concern, that is, the variation 
in the force required to impose a constant deflection on an un- 
symmetrical shaft. This is illustrated in Fig. 2. The force 
required to produce the deflection OS is obviously a minimum 
when the weak axis is in line with the deflection (a = 0); and 
& maximum when at right angles (a = 90 deg). For an inter- 
mediate position, as shown, the deflecting force F may be repre- 
sented by 2 vector constructed by the circle diagram indicated 
in the figure. (See derivation in Appendix.) Note that, in 
general, the deflecting force is not in line with the deflection, there- 
fore it has both radial and tangential components. 

The tangential component of the deflecting force and the 
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double-frequency variation in the static deflection are both unique 
characteristics of an unsymmetrical shaft. We find it convenient 
to use them in defining the ‘degree of dissymmetry” or “dis- 
symmetry ratio,’’ d, as follows 

C2 — (1 ¥i — Y2 


Yi + Ys 


c C2 + Cy Yave 


These ratios apply strictly to an ideally simple rotor; but 
the last two, being based on deflections, may be used as an 
approximate measure of dissymmetry for actual rotors. 


THEORETICAL RUNNING CHARACTERISTICS 


Normal critical-speed behavior (1-5) for ordinary round shafts 
is illustrated in Fig. 3, which shows graphs of amplitude and 
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Fig.3 Criticat-SpEED RESONANCE CURVES FOR ROUND Sualt 


phase angle plotted against speed. These are general resonantt . 
curves, based on the well-known expressions derived for # 
ideally simple rotor, slightly unbalanced and subject to lines b 
damping. The amplitude r, is proportional to the amount ¢ p 
unbalance, and is here plotted in units of the eccentricity FE of the 7 tr 
center of gravity. Speed u is on a relative basis, with the valu m 
1.0 for the critical speed. The damping factor a, used as’ m 
parameter for the two families of curves, is also on a relativt 7% ax 
basis, as defined in the Appendix. Note that the peak amplitué 7 is 
at critical speed (u = 1.0) reaches a value which may be & © pe 
pressed quite simply as E/a; and that the corresponding valtt pli 
of the phase angle ¢ is always 90 deg. on 
For unsymmetrical shafts, corresponding critical-speed chs dis 
acteristics have been determined by an analysis given in t is 
Appendix. From this, it appears that, subject to a certain cot cw 
dition, the amplitude of the shaft may become infinite, in spite ° ] 
the presence of damping. The condition for infinite amplitué 9 (d 


is simply that the degree of dissymmetry should be larger th 
the degree of damping, or d > a. For a shaft with moderst 
dissymmetry (d < a), there is apparently no infinite amplitué 
but a number of other peculiarities. Thus we have two clas 7 
of unsymmetrical shafts to consider: One with moderate de 9 
symmetry (d < a); the other with pronounced dissymmet!) 
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(d > a), for which the analysis indicates shaft amplitudes going 
to infinity. 

Taking first the case of moderate dissymmetry, a set of typical 
resonance curves is given in Fig. 4. In contrast to Fig. 3, these 
are drawn for only a single value of the damping constant (a = 
0.07). Curves for the corresponding round-shaft case are in 
short-dash lines for comparison. Note the importance of a new 
variable, the orientation angle (6) of the center of gravity. 
_ The peak amplitude of vibration apparently varies by five to 
one on a rotor running with the same amount of unbalance 
- over the same speed range, with the same damping and the same 
; degree of dissymmetry and with changes only in the angular 
F position of the unbalance. The highest peak appears when the 
; unbalance is 45 deg ahead of the weak axis, in the direction of 
: rotation; and the lowest peak, when the unbalance is 45 deg 
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Fig. 4. Resonance Curves ror SHart WiTH Moperate Dissym- 
METRY 


behind this axis (6 = — 45 deg). This suggests the use of a 
> polar diagram, Fig. 5, to show the variation of the peak ampli- 
tude with the angle of unbalance. This amplitude, it appears, 
may vary considerably with the direction of rotation since the 
most sensitive point for unbalance (45 deg ahead of the weak 
axis) becomes the least sensitive (45 deg trailing) if the rotation 
is reversed. Going back to Fig. 4 for a moment, some other 
> peculiar effects of dissymmetry may be pointed out. The am- 
plitude curves for the cases where the unbalance comes directly 
on the weak axis or the stiff axis (8 = 0 or 90 deg) are somewhat 
distorted. It will be noted that in these cases the phase angle 


is materially different from 90 deg at the peaks of the amplitude 
curves, 


3 Now, let us consider the case of pronounced dissymmetry 
7) (¢ > a) for which infinite peaks of amplitude are indicated. 


bs Fig. 6 is similar to Fig. 4, except for the increased dissymmetry 


>) (¢ = 0.09). It will be noted that the amplitude curves all 
3 show infinite peaks at two speeds. For zero damping, these 
Peaks would correspond to the natural frequencies of transverse 
"Vibration in the planes of the weak and stiff axes, respectively; 
but with damping, they are moved closer together, until they 
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merge into one infinite peak when a = d. Operation between 
the two peaks has been shown to be unstable. The phase-angle 
curves show much the same peculiarities as in Fig. 5, except 
that in the case of unbalance at 45 deg behind the weak axis 
(the position of least sensitivity for the region of finite peaks) 
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the phase angle seems to be negative. That is, the deflection 
would seem to lead the unbalance instead of lagging behind it. 
From a practical point of view, the theoretical effects of dis- 
symmetry on the amplitude/speed curve of an ideally simple 
rotor may be simply shown as in Fig. 7. Here the lower dotted 
curve (d = 0) applies to a round shaft slightly out of balance, 
with moderate damping, over a speed range from 0 to 20 per 
cent above critical. The dot-dash curve (d = 0.05) shows the 
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Fig. 7 Errects or DissyMMETRY ON AMPLITUDE CURVE 


effects of moderate dissymmetry, and the solid curve (d = 0.09) 
those of rather large dissymmetry, both with the unbalance 
located at the worst angular position (6 = 45 deg). The critical- 
speed peak is increased materially by the moderate dissymmetry, 
and opens out to infinity with the larger dissymmetry. A 
double-frequency disturbance is also present (horizontal shaft 
assumed) with a resonant peak at half the critical speed, as 
previously mentioned. The amplitude of this vibration is 
determined by the variation in the static deflection of the shaft, 
just as the critical-speed vibration is proportional to the un- 
balance eccentricity Z. 


DESCRIPTION OF TEsT SETUP 


These theoretical indications were tested recently in the Gen- 
eral Electric shops by means of a special setup with a rotor 
weighing 5300 lb, arranged as shown in Fig. 8. The span of this 
rotor was 10 ft 6 in. from center to center of bearings, and the 


main part of the shaft was 7*/,in. diameter. The bearings were 
| 
22ue 
Fig. 8 Test Rotor Setup 
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4 in. diameter by 5.25 in. long, ball-seated, and mounted in 
sturdy steel pedestals which were well anchored in a concrete 
block poured directiy on the iron testing floor. The calculated 
critical speed (with round shaft) was 1200 rpm. For the sake 
of safety a guard ring was provided consisting of a dummy pedes- 
tal lined with a ring of leaded bronze, bored to a diametral clear- 
ance of */,. in. over the shaft. The drive was by means of a 
flexible coupling from a dynamometer rated 200 kw at 4000 
rpm, with Ward-Leonard speed control from a motor generator 
set. Vibration-amplitude readings were made with a weighted 
Starrett dial indicator held manually against a wooden “shaft 
stick” used to pick up the vibration from the shaft. 
Preliminary tests were made with the shaft round to establish 
normal characteristics and particularly to determine the damping 
constant. This was needed so that the main test program could 
be planned to include two degrees of dissymmetry—one a little 
less than the damping, the other a little greater. The first step, 
of course, was balancing, which was carried out to a high degree 
of precision, such that the rotor would run gradually through 
critical speed with not more than 0.001 in. amplitude on the 
shaft. 
Runs were then made with the rotor thrown out of balance 
by definite amounts, giving data such as shown in Fig. 9. It is 
interesting to note that the vertical peak checks the calculated 
critical speed, 1200 rpm, whereas the horizontal one comes at 4 
lower speed, 1125 rpm. This, of course, is common experiene 
with heavy rotors, even when set up solidly, as this one was. 
From these data, it was.concluded that the effective damping 
constant a for the testsetup was about 0.07. Space limitations 
do not permit giving the details of this determination. For the 
main test program, it was decided to “flat’’ the shaft sufficiently 
to make the degree of dissymmetry about 0.05 as a first step, and 
0.09 as a second. Flats measuring 65/s in. between faces wer 
therefore cut on the 73/, in. portion of the shaft. for the fin 
step; and later these flats were cut down to 6!/, in. Tle 


resulting variation in the static deflection was in each 8% 7 we 
measured as a check, which agreed closely with the value F en 
anticipated. cul 
Tests With UNSYMMETRICAL SHAFT | 

the 

Results from critical-speed tests carried out with the fir Th, 
step of “flatting,” giving an apparent dissymmetry ratio ° a 
about 0.05, are shown in Figs. 10, 11, and 12. The first © the 
these shows curves of vibration amplitude versus speed {7 siti 


several angular orientations of the unbalance with respect to tH 4 
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Weak axis. In each case, the amount of the unbalance was in accordance with theoretical indications. This is shown more 

; enough to give fairly large amplitudes. For each of these an- clearly in Fig. 12, which represents in polar form the peak ampli- 

a gular positions, various sizes of unbalancing weights were tried tudes obtai 

4 the The peak amplitudes are Plotted against unbalancing weight was tried successively in each of 16 angular 

. amount of unbalance in Fig. 11, as “sensitivity curves,” Positions equally spaced around the middle wheel. Fig. 12 
€ dotted curves here apply to the original round shaft. It is may be compared with the outside curve in Fig. 5. It may be 


vst the curves show greater Sensitivity than for noted that the shapes are not exactly similar, and yet the test 

d (el egy shaft—the fourth slightly less. The maximum sen- _rotor does actually show a 5/1 variation in sensitivity, depending 

10 the ~ tneg he ‘pparently associated with & position about 45 deg only on the angular position of the unbalance. Also the posi- 
y of the weak axis, and the minimum, about 45 deg behind, tions of Maximum and 


minimum Sensitivity agree very well 
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ai H / ae necessary to make a great many runs with minor variations in 
LL! wa aes amount and position of the weight in order to obtain a really 
| close balance. The reason for the difficulty was of course that 
| ener — the critical-speed amplitude was no longer a good measure of the 
° amount of “resultant” unbalance, but depended to a large extent 
on its angular position also. 
ee H When the shaft was flatted to 6'/, in. for the second step, to 
AMPLITUDE 2 /2 02. UNBALANCE give d = 0.09, rebalancing was again necessary, and this time 
opmempeme la hed gave even more trouble than before. In fact, it was very nearly 
040 given up as hopeless, but after long-continued effort with very 
small changes, the rotor would finally run through the critical 
speed gradually with only 2 or 3 mils maximum amplitude. 
030 —_ The rotor was now so sensitive to a small unbalance that as 
little as 1.25 oz put on at any but the least sensitive positions 
f (45 deg behind the weak axis) would cause the amplitude to 
jis build up at critical speed until the shaft actually rubbed on the 
H guard ring. This building up of amplitude was at first gradual 
d as the speed was increased little by little, but then more and 
— | more rapid until at a certain speed the shaft seemed to “shoot 
010 i? out” until it hit the guard. When this happened, the speed 
ri fo was immediately reduced, and the vibration would quiet dow. 
+ Fig. 13 shows the results of trying this 1.25-oz weight at various 
ols angular positions. The shaft hit the guard, at 0.187 in. double 
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with those theoretically indicated. As a matter of interest, 
reversed-rotation runs were made with unbalance at one of the 
45-deg positions; they demonstrated an equally striking variation 
in sensitivity with the direction of rotation. 

Considerable difficulty was encountered in securing the fine 
degree of balance prerequisite to the foregoing results. The 
good balance previously obtained for the round shaft had been 
spoiled in machining the flats, and rebalancing was necessary. 
The method used was systematic trial and error, based on critical- 
speed amplitude. Results were irregular, and it was finally 


amplitude, in every run except two—those in which the weight 
was located 45 deg behind the weak axis. The little circle st 
0.0045 in. double amplitude shows the amplitude caused by the 
same unbalance on the same rotor before the shaft was flatted. 
Greater unbalance was tried at these nonsensitive points 


and it was found that 3 oz were sufficient to cause the shaft ~ 


build up and hit the guard ring even there. The maximum Ur 


balance which could be safely carried at these points seemed 0 | 


be about 2.5 oz. Amplitude-speed curves for this condition 


of unbalance are shown at the top of Fig. 14. The lower curv | 
in the same figure show the results of an attempt to get or 
responding curves for a 2.5-oz unbalance at one of the most se | 


sitive positions, 45 deg ahead of the weak axis, by taking data * 
usual up to the point where the amplitude became excessive, ® 
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then reducing speed enough to have the shaft quiet down again, 
with the idea that by using full power we could get rapid ac- 
celeration and possibly get past the critical-speed range before 
the vibration should become prohibitively rough; the purpose 
being then to take data above the critical range, and finally shut 
down again with rapid deceleration. This scheme did not work, 
as on rapid acceleration the vibration built up almost instantly 
to guard amplitude, and before the speed could be brought down 
again the shaft had rubbed heavily, producing much smoke and 
considerable heat distortion of the shaft. In spite of the fact 
that we had successfully run through the critical speed with rapid 
acceleration a few times with 1.25 oz of unbalance at the same 
position, it was felt that this was rather dangerous and it was 
not attempted again. 

The double-frequency vibration associated with variable 
static deflection was conspicuous in all of these tests at speeds 
well below the main critical and, as expected, exhibited resonant 
peaks both horizontally and vertically at about half the cor- 
responding main critical speeds. These are shown in Fig. 15 
where the upper curves apply to the first step of flatting (d = 
0.05) and the lower ones to the second step (d = 0.09). This 
double-frequency vibration became less and less noticeable at 
speeds above the range shown, being of no consequence at 1200 
rpm and absolutely negligible at 2000 rpm and higher. The 
peak amplitudes for this “half critical” were not affected by 
changes in balance. 


SUMMARY AND CONCLUSIONS 


The peculiar vibrational characteristics of unsymmetrical 
shafts first pointed out by earlier writers have been further in- 
vestigated both by an independent analysis and by tests on a 
special rotor representing a very large two-pole turbine-gener- 
ator. Analysis and tests have agreed, even as to quantitative 
details, that shaft dissymmetry produces two important effects. 
First, a double-frequency disturbance is introduced, due to the 
variation in static deflection, which produces a peak of resonant 
vibration at about half the regular critical speed. Second, 
the normal behavior at the main critical speed is entirely upset, 
the sensitivity to unbalance being greatly increased and made a 
function of the angle at which the unbalance happens to lie on 
the rotor. In case of extreme dissymmetry, it appears that a 
rotor might prove to be unmanageable at critical speed. 

As far as the writer knows, no difficulty of the second type 
has so far been experienced on commercial turbine generators, 
even of the largest sizes. And the double-frequency stator 
vibration noticeable on many of them disappears when excita- 
tion is removed, so that its source is magnetic rather than me- 
chanical. The possibility of these mechanical difficulties seems 
very real, however, and full acquaintance with them should be of 
value to both designers and users. The obvious safeguard, 
since the damping factor is in general unknown, is to build high- 
speed machinery with a minimum of shaft dissymmetry. 


Appendix 


This appendix includes (a) an elementary derivation of useful 
expressions for the radial and tangential components of the 
force required to impress a given deflection on an unsymmetrical 
shaft; and (6) an analysis, based on the work of the late V. 
Petrovsky, for the motion of an ideally simple rotor consisting 
of a single heavy disk wheel mounted centrally on an unsym- 
metrical shaft, and running in rigidly supported bearings. 


Rapiau AND TANGENTIAL CoMPONENTS OF DEFLECTING ForcE 


Referring to Fig. 2, and the context of the paper, note that on 
resolving the deflection, OS = r., into components parallel 
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and perpendicular to the weak axis, the corresponding com- 
ponents of the deflecting force are cr, cos a and qr, sin a, 
as shown. Each of these may be resolved into radial and tan- 
gential components, which when added respectively give the 
total radial force 


R = r, cos*® + Cz: Sin? @).. [2] 
and the total tangential force 
T =r, (cz — 1) SiN @ COS [3] 


Now introducing ¢ = + ¢:)/2, and h = — 
we have 


and 
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A similar derivation may be made for the gravity deflection 
diagram of Fig. 1, with results as shown. 


DERIVATION OF EQUATIONS FOR THE MOTION OF AN IDEALLY 
Rotor With UNSYMMETRICAL SHAFT 


Referring to Fig. 16, a section of the shaft adjacent to its 
mid-point is shown; the center point of this section is S, and 


Y 


Fig. 16 STATIONARY AND ROTATING COORDINATES 


at the particular instant the lateral deflection of the shaft from 
the line of bearing centers O is represented by the radius vector, 
r,. Rotation is indicated as counterclockwise at a constant 
speed w. The unbalanced condition of the rotor is indicated by 
the fact that the center of gravity G is somewhat displaced 
from the shaft center S, the distance SG (or vector E) representing 
the eccentricity. Two coordinate systems are shown: OX and 
OY are fixed coordinates; OX’ and OY’ are rotating coordinates 
such that OX’ is always parallel to the weak axis of the unsym- 
metrical shaft. The orientation angles a, 6, and ¢ should be 
especially noted, a@ having the same significance as in Fig. 2, 
5 giving the fixed position of the unbalance with reference to 
the weak axis, and ¢ being the phase angle or “angle of lag.” 
As such ¢ is usually measured backward from SG (CW), while 
it has been the author’s choice to measure @ and 8 as positive 
when forward from the weak axis (CCW). Linear damping is 
assumed, equivalent to a single force opposing the motion of 
point S. 
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The first step toward setting up the equation of motion is the 
derivation of a vector expression for the deflecting force on the 
shaft, referred to the stationary coordinates. Note in Fig. 16, 
that the reflection of r, in the rotating axis OX’ is shown as #,’, 
leading r, by the angle 2a. Thus, #,’ is parallel but opposite 
in direction to the vector shown as hr, in Fig. 2. The deflecting 
force as a vector in rotating coordinates is therefore (cr, — 
h#,’), where cr, is the average radial component. Now note 
that the reflection of r, in the stationary axis OX, indicated as 
#,, is the same as #,’ except for an angular difference of 2wt. 
Hence, we may write #,’ = #,e/*', and the deflecting force 
becomes (cr, — h¥,e’**"). Actually, instead of the force exerted 
on the shaft, we shall use the opposite force F exerted by the 
shaft on the wheel, which is 


From this point on, the analysis may be simplified by dividing 
it into two parts, the first assuming the shaft to be vertical to 
eliminate the gravity effect which produces double-frequency 
vibration, and the second assuming the shaft horizontal but in 
perfect balance to eliminate the single-frequency vibration in 
the critical-speed range. In an actual horizontal shaft, of 
course, both forms of motion occur. 

With the shaft vertical, we assume, in addition to the spring- 
constant force F given by Equation [6], a damping force D given 
by 

[7] 


where #, represents the linear velocity of the shaft center S, 
and 6 is the ordinary type of damping constant, expressed as 
force per unit of velocity. 

The mass of the rotor being taken as m, the equation of motion, 
in vector terms, is 


Notingthat #, =#,+ E = — 
and substituting from Equations [6] and [7], there results 


mF, + br, + cr, — = mEwtei@to) [9] 


which is the differential equation to be solved. 
A tentative solution is assumed, of the form 


with 

and 

@ = x’ — jy’ 


where X’ and Y’ are constants (for a constant speed) to be evalu- 
ated by substitution in Equation [9] for r,, r,, etc. Expressions 
for X’ and Y’ are then found as functions of m, b, c, h, w, Z, and 6, 
which may be simplified by introducing the ratios u, a, and d 
for speed, damping, and dissymmetry by the following sub- 
stitutions 


w = uv/(c/m) 
{11} 
h=de 


The scalar value of the deflection or half amplitude r, is then 
found as »/(X’? + Y’) from which 


u? +/[(1 — u*)? + atu? + d? + 2d(1 — u*) cos 26 + 2aud sin 28] 
(1 — u*)? + a?u? — d? 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1940 


This is the desired general expression for amplitude in units of 
the eccentricity EZ. 

The phase angle ¢ may also be determined from the values of 
X’ and Y’, on the basis that 


(1 — u?— d) sin 6 — au cos 6 


t = 
an a tan(¢ 5) x’ (1 — u? + d)cosé + au sind 


These equations for amplitude and phase angle reduce to 
simpler forms for specific values of the unbalance angle 6 such 
as 0, 45, 90, or 135 deg; and for zero dissymmetry (d = 0), 
reduce to the ordinary equations for the round shaft (see Fig 
3). 

Note that infinite amplitude is indicated if the denominator 
of Equation [12] is set equal to zero, which condition reduces 


to 
= + +/{d? + |. [14] 


This indicates two speeds with infinite amplitude, if the expres- 
sion under the second radical is positive; one such speed if it is 
zero; and unreal speeds if negative. The condition for having 
no infinite amplitude at any speed is then 


d? — a® + (a‘/4) < 0 


or 
d < av/[1 — (a2/4)]............... [15] 


With ordinary values of the damping constant a of the order of 
0.10, it may be seen that the value of the radical may be taken 
as 1, with negligible error, so that to a close degree of approxima- 
tion the condition for having no infinite amplitude becomes d < a. 


* * * * 


The double-frequency motion due to gravity will now be 
dealt with, on the assumption that the shaft is horizontal and 
in perfect balance, so that E = 0 (Fig. 16), point @ coincides 
with S, and r, = r,. The force of gravity W = —jmg, must 
be taken into account, so that the equation of motion, in simplest 
terms, becomes 


F+D+ W wh, = wi,............ (16) 
from which 
mF, br, hF, + jmg | {17) 


For a tentative solution, it is assumed that, for any constan! 
speed, r, consists of a stationary vector C, plus a rotating double 
frequency vector R, or , 


r, = C+ Re™! 
where 
= Xi + 


and 
R = X:+ jYs 


By substitution in Equation [17] for r,, etc., the values of 4: 
Y;, Xz, and Y, are determined. The amplitude of the double 
frequency vector R is then found as ~/(X:? + Y;°). 


Using the ratio substitutions given by Equation [11], we have i. 


— d?)? + 4atu?] 
For zero speed (u = 0), this expression reduces to R = (y.—w)/ 
which is the ‘‘static whirl” illustrated in Fig. 1. The — 
term is a resonance factor, indicating that as the speed incress* | 7 
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TAYLOR—CRITICAL-SPEED BEHAVIOR OF UNSYMMETRICAL SHAFTS 


the amplitude R builds up to a resonant peak when (1 — 4u?— d?) 
= 0, or 


w = 0.5+/(1 [20] 


Again, the radical may be neglected with ordinary values of d, 
of the order of 0.1, so that the double-frequency peak is found 
at about one half the critical speed as computed for the mean 
stiffness of the shaft. 

Finally, the peak amplitude for the “half critical,” with u as 
given by Equation [20] becomes 


Rpeak 


in which again the radical term may ordinarily be neglected. 
This expression is remarkably similar to that for the peak am- 
plitude at the main critical with no dissymmetry, r, = E/a 
(obtained from Equation [12], with u = 1 andd = 0). Equa- 
tion [21] was used to check the value of the damping constant 
a during the tests described in the body of the paper, on the 
basis of the observed values of (y: — yz) and the amplitude at 
the half critical. 
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Discussion 


Some Applications of Photoelasticity 
in Turbine-Generator Design’ 


Etmer K. Timpy.? Progress in stress analysis and design is 
usually preceded by both analytical and experimental research 
aimed at the solution of certain hypothetical problems which at- 
tract the interest or curiosity of the investigator. Next, someone 
discovers that some of these ideal solutions are of practical im- 
portance and begins to use them in a rational manner. In the 
paper under discussion we see the happy result of an able re- 
search analyst and a practical designer applying methods largely 
perfected by himself to the satisfactory solution of a difficult 
problem. The author is to be complimented on the success of 
his investigations. 

It is observed that the model used in finding the so-called 
“exact’”’ stress-concentration factors for the segment-shaped 
transverse grooves in the two-pole generator rotor was studied 
while subjected to a pure bending moment, and consequently no 
shear. It is doubtful whether this condition exists in the rotor 
when in service. Undoubtedly the shear stress near the periphery 
of the rotor is low but is it not possible that shear might have 
some effect at the bottom of the rather narrow and widely spaced 
grooves? 

Question number 1 then is: Is the author of the opinion that 
the observed stress-concentration factors would have been the 
same if the model had been subjected to a combination of trans- 
verse shear and bending moment? 

With further reference to the rotor, the plane section selected 
for study was cut from the rotor along the axis of symmetry and 
at a point which included the deepest portion of the narrow trans- 
verse slots. Stress-concentration factors were observed for this 
location at the bottom of the slots. There is material near the 
ends of the slots considerably further from the axis than is the 
material at the bottom of the groove (about 20 per cent further 
in the rotor shown in Fig. 2 of the paper). It seems reasonable 
to suspect that failure could not occur at the bottom of the slot 
(13 in. from the axis) until the material at one end of a slot (15.5 
in. from the axis, measured parallel to the 13-inch dimension, and 
not radially) had suffered considerable deformation or possibly 
failure. 

Question number 2 may be stated as: Was a diametrical sec- 
tion including the ends of the slots studied? If so, what was the 
strength when compared to the one which was studied; and if 
it was not studied, why was it disregarded? 

The second test describes the experimental determination of 
centrifugal stresses in the rotor. 

It should be noted that K as computed for the core stresses by 
use of Equation [1] of the paper should be 1.31 instead of 1.13. 
This may be a misprint since the stresses appear to be correctly 
plotted in Fig. 5. 

Turning now to the subject of stress concentrations in T-heads, 
it is noted that the author considered it inadvisable to load the 
specimen at any point closer to the shaft than about twice the 
radius of the fillet at the junction of head and shaft; and further 
that it is in this vicinity that the value of the stress-concentration 


1 By M. Hetényi. Published in the December, 1939, issue of the 
Journal oF AppLigeD Mecuanics, Trans. A.S.M.E., vol. 61, 1939, 
p. A-151. 

2 Princeton University, Princeton, N. J. 
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factor is increasing most rapidly. The reason given for not ap- 
plying the load at a point closer to the shaft is that the materia] 
underwent considerable distortion in the neighborhood of the 
concentrated supports which would probably lead to a false deter. 
mination of the maximum stress. This reason appears sound, 
but it also appears to avoid the problem rather than to solve it. 
Although not recommended, it would have been possible to ex- 
trapolate the experimental curve of Fig. 7 to a value of infinity 
for k as easily as to a value of about 5.45. Furthermore, it is 
probable that in actual construction the point of support may 
be very close to the shaft unless the supporting material is pur- 
posely cut away to avoid such a conditien. 

The author states that tests have revealed that stress con- 
centration at such fillets is usually much greater than what one 
could expect from a comparison with known results obtained with 
tension and bending specimens of similar fillet ratios. 

Question number 3 follows: How reliable does the author con- 
sider the dotted portion of the curve for k as plotted in Fig. 7’ 
And question number 4: Is it convenient for the author to ex- 
plain how the stress-concentration factor is affected by the pres 
ence of a loaded boundary at the point at which the stress is to 
be determined? 

While further discussing the matter of the location of the load 
on the flange the author expresses the belief that the case of 
simple axial tension corresponds to the location of the loads on 
the flanges at infinite distances on either side of the shaft. Itis 
difficult for the writer to visualize the similarity between these 
two conditions of loading. In the case of simple axial tension 
there must be a plane, normal to the direction of the load, at the 
mid-depth of the head along which there is no shear and on whieh 
the normal stresses vary from some large value at the center 
line to lower values on either side. Also, from symmetry, there 
must be no resultant shear on planes parallel to the length of the 
shaft and located on either side of it. It is not evident that either 
of these conditions would be produced by loads placed at an in- 
finite distance on either side of the shaft. . 

As the final question, number 5: What was the line of reason- 
ing which led to the conclusion that the two loading condition 
just mentioned were equivalent? 

An attempt has been made in this discussion to ask the author 
to expand certain items which were treated in a brief manner 2 
his original presentation. There has been no intention of que> 
tioning the reliability of the work. On the contrary, the author 
is to be congratulated for having made such distinct progress 4 
the field of stress analysis. 


M. M. Frocut.? In 1934 the writer investigated factors « 
stress concentration at fillets subjected to the combined actic® 
of pure compression and bending using a scheme of loading * 
shown in Fig. 1 of this discussion. The results were incorporate’ [ ~ 
in the paper “Some New Aspects of Stress Concentrations, | 
presented before the American Association for the Advanceme®' | 
of Science at its meeting held in Pittsburgh, in February, 1934 | 

Fig. 2 of this discussion shows a typical stress pattern, while the & 
writer’s Fig. 3 represents a curve giving the factors of stress © | ~ 
centration for R/d = 0.075, the case investigated by Dr. Hetény’ ‘ 
It was found convenient to plot k against the ratio o/o, in whi | 


2 Associate Professor of Mechanics, Carnegie Institute of Tech Fy 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 
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o and o, denote the compressive and bending stresses respectively. 
These two nominal stresses were calculated from the elementary 
equations 
d Mc 

the bending stress o, being computed at section A-A distant 
(d + R)/2 from the axis, as shown in Fig. 1 of this discussion. 

It is interesting to point out that all the data in the fifteen 
curves of Fig. 9 of the paper included in the range between D/d = 
1.8 and D/d = 3 is contained in the single curve of Fig. 3 of this 
discussion. It would therefore seem that for T-heads in which 
D/d is not much less than 2, the local effect of the distributed 
loads can be neglected and factors of stress concentrations can 
be calculated on the basis of the ratio of direct to bending stresses. 

Curves similar to that shown in Fig. 3 of this discussion are now 
available for a range of R/d = 0.0572 to R/d = 1.00. The writer 
hopes to find an opportunity to publish all of these curves in the 
near future. 


A. L. Kiwpauu.* The question has been raised as to whether 
the assumption of plane stress is adequate in solving the elastic 
problem of stress concentration produced by centrifugal body 
stress at a central hole in a revolving cylinder. 

In the case of a thin disk, this assumption is evidently adequate 
where axial contraction is not restrained, but for a long cylinder 
revolving about its axis, considerable axial shear will arise be- 
cause the cylinder is sufficiently long so that its central portions 
cannot contract axially relatively more than its peripheral por- 
tions do. Consequently, a more accurate solution can be ob- 
tained by assuming that no differential strain can exist along the 
cylinder axis, but that it be confined to the plane of the cylinder 
section only. In other words, whereas the assumption of plane 
stress gives a more accurate result in the rotating-disk problem, 
the assumption of plane strain gives a more accurate resuit in the 
case of the cylinder problem. These two cases are treated by | 
Love.§ 

A comparison of these two theories shows that, other things 
being equal, for a small central hole the tangential stress comes 
out about 5 per cent higher for plane strain than for plane stress, 
whereas at the edge of the disk the former theory gives a 
tangential stress 25 per cent lower than the latter. 


R. E. Newton.* The author not only made a judicious choice 
of problems, but also he has been decidedly realistic in his ap- 
plication of the photoelastic techniques. For example, in study- 
ing the problem of the stress concentration in transverse grooves 
of a rotor he has treated this problem as a two-dimensional one. 
The use of this simplification is highly desirable from an experi- 
mental point of view and the reference to Neuber’s theoretical 
results leaves the reader with confidence in the validity of the ap- 
proximation. The replacement of a distributed gravitational 
loading by a pair of externally applied couples seems also justifi- 
able, but the author has neglected to point out the nature of this 
approximation. 

The simplicity and effectiveness of the mounting used to study 
the centrifugal stresses around the bore are notable. Concerning 
the quantitative results of this analysis, it is interesting to note 
that the substitution of a = 1 in Equation [1] gives a stress that 


4Engineering General Department, General Electric Co., Sche- 
nectady, N. Y. Mem. A.S.M.E. 

5“*A Treatise on the Mathematical Theory of Elasticity,’’ by A. E. 
H. Love, University Press, Cambridge, England, third edition, 1920, 
section 102. 

® Instructor in Applied Mathematics, Washington University, St. 
Louis, Mo. Jun. A.S.M.E. 
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is almost exactly equal to the experimentally determined value 
of the maximum stress at the edge of the hole. This, of course, 
would correspond to the case of a winding having the same 
specific gravity as the rotor body. 

The manner in which the variables of the T-head problem have 
been separated is highly commendable. Altogether too many 
sets of exhaustive data have been gathered in connection with 
similar problems, only to be presented in such a manner that they 
are almost useless to the practical designer. 


W. M. Morray.’ Although the paper! deals primarily with the 
problems of rotor design, it brings out two very significant points 
which are usually either taken for granted or neglected. The first 
of these involves the effect of adjacent stress concentrations. 
The effect of a single discontinuity is usually considered rather 
serious, and rightly so, but, as the author’s Table 1 shows, several 
discontinuities adjacent to one another tend to give a lower value 
of the stress-concentration factor than the single discontinuity. 
This is borne out in practice in the casés of threaded connections 
which stand up in spite of their form where evidently the adjacent 
threads tend to break down the concentrations. 

The problem of the stress concentration at the fillet in the head 
of a bolt is exceedingly interesting and suggests the possibility 
of the use of an internal fillet to relieve the stress condition. In 
the cases of the concentrated loads being applied to the T-heads, 
it is evidently desirable that the point of application of the load 
should be at about d/2 from the shank. In this case the concen- 
tration factor for the author’s problem would be about 3.25. 
Provided that the load is concentrated, the area required to sup- 
port it will be small so that there would be a good opportunity to 
use an internal fillet of even larger radius than that considered 
in the present example. Provided that the head of the bolt is 
sufficiently thick to make the effect of bending negligible, the 
internal fillet would not produce a weakening effect and at the 
same time it would insure that the load could not be applied 
nearer to the shank than a distance of 2R, where R is the fillet 
radius. In the case of the distributed load, about the same condi- 
tions would prevail as for the concentrated load with the exception 
that the presence of the internal fillet would necessarily reduce the 
bearing area to some extent. The writer feels that entirely too 
little attention is paid to the use of the internal fillet and that 
stresses in bolt heads might be reduced through its use, although 
the cost of manufacture possibly would be increased. 


AUTHOR’s CLOSURE 


The five questions raised by Professor Timby will be answered 
in the same sequence as they were given. 

The shearing force due to the distributed weight of the rotor 
will be in any case small around the middle of the span of the 
rotor where the maximum normal stress from bending occurs. 
For this reason, it seemed sufficient to test the models in simple 
bending. 

It is true that the nominal bending stress will be higher in the 
extreme fibers of vertical sections to the right or left of the sym- 
metry section which has been investigated. However, such an 
increase of the nominal stress will be small in comparison to the 
decrease of the concentration factor, due to the lesser depth of the 
grooves in these sections. Taking the extreme case, which is a 
longitudinal section through one end of the transverse grooves, 
we will have a nominal stress only about 20 per cent larger than 
in the symmetry section while, at the same time, the k factor, 
because of the vanishing grooves, will approach a value of unity. 
This shows that we must look for the maximum stress value in 
the axial symmetry section at the deepest point of the grooves. 


7 Instructor in Charge of Photoelasticity, Massachusetts Institute 
of Technology, Cambridge, Mass. Mem. A.S.M.E. 
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The author is obliged to Professor Timby for pointing out that 
the correct value of the k factor in the centrifugal-stress problem 
is 1.31 instead of 1.13, being a ratio of 85.4 to 65.2. 

The dotted portion of the curve in Fig. 7 of the paper aims 
merely to show the subsequent increase of the concentration fac- 
tor as the load approaches the fillet. Professor Timby is right 
in saying that one could just as well assume a singular point with 
an infinite k value at the point where the straight horizontal 
boundary joins the fillet. In practical cases, however, the load 
is always more or less distributed and a singular value would not 
alter the area along the loaded portion under the influence line, 
like the one in Fig. 7. At this point, it might be well to call at- 
tention to the fact that the mean value of the k ordinates in Fig. 
7 is 3.5, the same as the one obtained by a uniformly distributed 
loading along the flanges of a T-head of the same proportions as 
shown in Fig. 9. 

The subject of the fourth question, namely, the determination 
of the principal stresses at a loaded boundary, constitutes a sepa- 
rate problem which also can be analyzed photoelastically. Such 
a problem, however, did not come up in the present T-head 
tests where the maximum stress is always in the curved part of 
the fillet, the boundary of which naturally is free from external 
loading in any case. 

The fifth question is probably due to a misunderstanding. The 
statement, that the stress condition in T-heads subjected to sim- 
ple axial tension is the same as if the same sample were to 
be supported along the flanges at points in infinity, referred t 
T-heads of very large depth (e.g., the one in Fig. 7), where the 
bending of the flanges is negligible. 

Due to the particular scheme of loading which Professor Frocht 
used, his concentration factors were obtained merely from the 
bending action in the flanges which is only one of the three sources 
of the increase in fillet stresses at T-heads as was pointed out 
the paper. It was gratifying to find’ that, for cases where the 
bending stresses are prevalent, the author’s results check with 
those obtained by Professor Frocht. However, this comprise 
only one phase of the problem and a complete solution could b& 
represented in any case only by a set of curves, irrespective 0 
whether the factors are referred to a nominal o stress value or 
o/o, ratios of Professor Frocht. 

Mr. Kimball’s discussion gave further evidence in support 0 
the fact that the core stresses due to the inertia forces in a 
volving cylinder can be determined with satisfactory accurac 
from plarie-model tests. 

The fact, pointed out by Mr. Newton, that the substitutia 
a = 1 in Equation [1] gives almost exactly the value of th ; 
maximum stress at the core, is undoubtedly only a curious col F- 
cidence and could not serve as a general rule. 

The author agrees with Dr. Murray’s statement that in som 
cases the application of internal fillets might reduce substantial) 
the peak stress value. In order to be able to suggest the bef 
design for a particular case, however, one must know the efit} 
of all the variable proportions in T-heads. This could be achiev f 
only by a systematic study of all the variables in a manner sit f 
lar to the one advanced in the paper. 


Vibration of Locomotive Driving 


Wheels Caused by Unbalance' 


R. ExserGian.? This paper! represents a clear-cut condens a 
tion of a complicated research problem in counterbalancing 57 


1 By O. J. Horger and C. W. Nelson. Published in the Decem# 
1939, issue of the JouRNAL oF APPLIED Mecuanics, Trans. A.S.¥> 
vol. 61, 1939, p. A-177. _ 

2 Consulting Engineer, Edward G. Budd Mfg. Company, Phi BS 
delphia, Pa. Fellow A.S.M.E. i 
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‘ equalization of the running gear. 
_ freedom and throws us back in a first approximation to a double 
_ pendulum for coplanar motion. 


DISCUSSION 


has confronted the railways in the high-speed operation of steam 
locomotives. 

The actual problem is complicated with a system having several 
degrees of freedom, while the disturbing forces include, in addition 
to the unbalance in the driving wheels, the effect of a mutual 
vertical reaction and torque reaction between the drivers and 
spring-borne parts and a varying tractive force at the drivers and 
correlated drawbar pull resulting in additional couples on the 
system. In a first approximation, the dynamic system consists 
of a two-mass system, the spring-borne parts, and the driving 
wheels separated by the spring suspension, while the drivers in 
turn are supported by the elastic rail spring. If all the drivers 
had the same mass and the unbalance force per driver was the 
same, the system can be considered as an inverted double pendu- 
lum with two degrees of freedom. Actually a better approxima- 
tion is a system consisting of the spring-borne parts, and a paral- 
lel system with individual driving masses and trucks, so that, 
from a coplanar aspect, we have the number of degrees of free- 
dom equal to the displacements of these masses, with an addi- 
tional degree of freedom for pitching of the locomotive chassis. 
But the crosswise motion on roll of the chassis and individual 


j driving wheels adds further degrees of freedom. Finally, to 


further complicate matters the spring suspension is tied in by 
This reduces the degrees of 


On the basis of a double-spring pendulum the displacements 
of the driving wheel and spring-borne mass (per driver), for the 
For the driver 
Pp (k — w*m) 
(kp + k — wm) (k — w*m) — 


For the spring-borne mass 


Pk 
(kp + k — w*m) (k — w*m) — 


T2 


>) so that the ratio of the motion of the spring-borne parts to that of 
| the driver is 


k 1 
k—wm, —(w*/p*) +1 


| Now p, the natural frequency of the spring-borne parts with 
|» tigid rail, depends only on the static deflection of the driving 
) springs. With a spring constant 10,500 lb per in. and a spring 
> weight of 24,000 lb per wheel, then 5 = (spring deflection) = 2.3 


in., approximate. Hence, p/2r = 2.06 vibrations per second or 
roughly 120 per minute. With operating speeds around 360 rpm 


® this means z;/z, = —/; and becomes less with increasing speeds. 
| Therefore, the authors’ assumption of neglecting the motion of 
® the spring-borne parts is well-founded. Thus, on the basis of 


coplanar motion, the motion of the driving wheel practically 
operates as a system with one degree of freedom. 

In locomotive-driving-axle assembly the unbalanced applied 
forces, the spring reactions, and rail reactions are considerably 
out of plane, though symmetrical to the center line. While the 
authors have considered the problem as a vibration in a single 
Plane the writer suggests a little greater refinement by including 
the entire axle assembly. Proceeding with the assumption made 


"by the authors that the motion of the spring-borne parts, com- 


pared with the motion of the axle assembly, is small, then for the 
axle assembly in vibrating in the pedestal guides, we have a system 
with two degrees of freedom, defined by the vertical coordinate 


By, and the angular coordinate 0 in the transverse plane. LetG = 


lateral distance between the elastic rail supports with spring 
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constants kz and a = lateral distance between spring supports, 
with spring constant k. Let m = total mass of axle assembly 
and p = the radius of gyration in rotating about a horizontal 
axis at the center in a transverse plane. 

The spring reactions are k[y, + (a/2)@] and k [y, — (a/2)6] 
for either side. The elastic rail reactions are kp[y, + (@/2)@] and 
krly, —(G/2)e]. Assume the unbalance to be concentrated in 
the wheel planes or at any lateral distance L apart. Let Pp 
= the dynamic unbalance = Wo/g w*R. Since the cranks are 
at quadrature and the unbalance is usually spread at an angle 
greater than x/2, the applied forces are Pp sin wi. For the 
right wheel and Pp sin (wt — 8) for the left wheel, where 8 = 
(x/2) + 

Then, for the vertical translation 


my, = —2(k + kg)y, + Pp [(sin wt + sin (wt — 8)].. [4] 
and for the angular motion 


ka? kp G? 
= —2| + 4 | 


where it is to be observed no coupling between the two motions 
occurs due to symmetry and equality of the spring constants for 
either side. 

Then, for steady-state condition 


0+ Po| — Eoin | 


_ Polsin wt + sin (wt — 6)] 
P>(L/2) [sin wt — sin (wt — B)] 
(px? — w*) We*/g 


ee 


where m = W/g. 

On the basis of the authors’ criterion on lifting from the rail, we 
must equate the deflection yp = y, + (G/2)0 to (S + W)/(2k,) 
where W and S now refer to the entire axle assembly and 
spring weight per driver. 

On combining Equations [6] and [7], we have 


| t sin wt..... [8] 
RWo| GL at 
W 4p* (pst — sin (wt— 8).... [9] 
where 
Ww Pz 2Wp? 


While this analysis does not disclose any further characteristics 
than given by the authors, it does permit a simpler analysis of the 
effects of the unbalance since in place of Pp sin wt and Pp sin 
(wt — 8) we can consider all the unbalance centrifugal forces 
for the vertical motion by simply summing up their vertical 
components disregarding their planes of action, and for the an- 
gular motion summing up their moments about the center of 
axle to their respective planes of action. Moreover, the planes 
of action of the spring forces and rail reactions are properly 
taken into consideration. 

By considering the general solution which includes the free mo- 
tion, we have the four constants for determining the motion in 
the second phase when either or both wheels are off the rail and 
the corresponding rotational angle for this period. 

Perhaps the most serious error in both the authors’ and the 
writer’s analysis is the disregard of the very large friction damping 
in the plate springs. The initial friction in locomotive plate 
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springs may be in the order of 10,000 lb. Due to the large spring 
constant of the rail, the equivalent friction of the rail spring 
may not enter materially in the problem. 

_ Since the spring systems of locomotives with inside journals 
are not likely to be modified, nor the proportions of driving 
wheel and spring-borne parts and rail conditions, the solution of 
eliminating serious vibration of locomotive driving wheels ap- 
pears in reducing the unbalance to a)minimum. The Timken 
Company, through Dr. Horger and Mr. Buckwalter should be 
congratulated in making this possible through excellent techni- 
cal design of lightweight rods and reciprocating parts. 


ALEXANDER W. Luce.’ “This paper is an extremely interest- 
ing one, and presents some matters which have been but very 
little understood, and which appear to be of very great impor- 
tance in the operation of railroads. The fact that a locomotive 
driving wheel in ordinary service actually rises entirely clear 
of the track at high speeds is a matter of so much importance 
that it certainly should receive great attention from The American 
Society of Mechanieal Engineers.” Thus opened a discussion of 
two papers‘ on counterbalance and rail pressures at the Decem- 
ber, 1894, meeting of the Society. Present readers will find them 
most interesting reading because of the revelation in the present 
paper of progress in means for investigation, both physical and 
mathematical. Ample evidence of the seriousness of the problem 
is presented throughout the former papers as well as in the present 
one. Comparison of the papers will disclose how the worst re- 
ciprocating weights of yesterday were not as bad as the best of 
today. 

The authors are to be congratulated on having adapted recent 
progress in photography to a problem that Professor Goss under- 
took to solve by calipering wire rods passed under the drivers of a 
locomotive on the test stand at Purdue University, and on their 
use of the advances made in recent years in the mathematical 
treatment of vibrations. The authors of forty-five years ago 
spoke of vibrations, oscillations, track stiffness, and spring stiff- 
ness, but it has remained for the present authors to handle these 
factors with confidence. 

A further interesting fact is that the Burlington road is promi- 
nent in both the former and present papers. 


AvuTHors’ CLOSURE 


Dr. Eksergian’s use of two coordinates to express the motion 
of the axle assembly indicates one of the refinements which can 
be introduced into the authors’ analysis without unduly compli- 
cating the problem. During the preparation of their paper, 
the authors considered this refinement but did not use it because 
it would not be expected to affect their numerical results greatly, 
particularly for vibrations such that the wheel did not leave the 
rail, and because calculation of p, the radius of gyration of the 
axle assembly about an axis through its center of gravity and 
parallel to the track center line, would be laborious for an actual 
locomotive. 

The authors agree with Dr. Eksergian that the neglect of fric- 
tion constitutes one of the most serious approximations in their 
analysis. The need for data concerning the friction forces was 
emphasized in the authors’ paper. However, this and other 
assumptions in the authors’ analysis, such as the neglect of the 
effect of one driver on vibrations of the other drivers and the 
neglect of the effect of angularity of the main rod, were necessary 
if the problem was to be kept simple enough for numerical calcu- 


* Associate Professor of Machine Design, Lehigh University, 
Bethlehem, Pa. Mem. A.S.M.E. 

4*Counterbalance in Locomotive Drive Wheels,’”’ by W. F. M. 
Goss, and ‘‘Rail Pressures of Locomotive Driving Wheels,” by D. L. 
Barnes, Trans. A.S.M.E., vol. 16, 1895, p. 305 and p. 249. 
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lation to permit a better appreciation of the fundamental aspects 
of the problem. It should be mentioned that operation of a 
locomotive with too short a cut-off will cause the main drivers to 
lift from the rail at speeds lower than those reported in the paper 
due entirely to the vertical component of the steam force trans- 
mitted to a main driver by the main rod. This possibility should 
not be ignored. However, the authors have tried for the most 
part to focus attention on the effect of overbalance which may be 
considered of fundamental importance in connection with rail 
damage observed in service. 

The authors agree that the two papers‘ referred to by Professor 
Luce make most interesting reading. The experiments described 
in the paper by Professor Goss demonstrated the possibility of 
a driving wheel lifting and indicated that the maximum lift of a 
driving wheel lags behind the maximum upward force. The tests 
by Professor Goss do not detract from the value of the test re 
sults given in the authors’ paper since his tests were made on a 
test stand which probably represented a nearly rigid foundation 
instead of comparatively flexible track. If the foundation under 
the test stand did have a flexibility comparable to that of a rail- 
road track, then the test conditions were still complicated by the 
presence, between this foundation and the locomotive drivers, 
of a large mass consisting of an axle, two supporting wheels, 
brakes, and other attachments. The advantages of the photo- 
graphic method described by the authors are principally that (1) 
it can be used in tests made on actual track either with or without 
slipping, (2) it is possible to observe the lifting of the wheel dur- 
ing a number of consecutive revolutions, and (3) it is possible to 
observe not only the motion of the wheels but also the approxi- 
mate deformations of the rail. 

The authors have a few comments to add and some acknowledg- 
ments to make concerning the theoretical work in the paper‘ by 
D. L. Barnes. Mr. Barnes referred to a still earlier paper’ by R. 
A. Parke. In his paper, Mr. Parke arrived at the differential 
equations® of motion for a driving wheel on or off the rail. For 
steady-state motion on the rail, Mr. Parke obtained Equation 
[2] and the three preceding equations.’ For motion of sufficient 
amplitude so that the wheel was off the rail during part of a 
revolution, Mr. Parke did not consider the constants of integra- 
tion, specifically A and B in the authors’ Equation [1] and two 
other constants in the equation for z;. For this reason, Mr. 
Barnes stated in his paper* that “later Mr. Parke found that his 
analysis did not take into account all of the conditions ......” 
Mr. Parke did not examine carefully the significance of his 
equivalent of the authors’ Equation [2]. Due to the form in 
which he left this equation, he arrived at the erroneous Cot 
clusion, “it is evident that a wheel is more easily lifted from 4 
rigid than from an elastic track,’ meaning that less overbalance 
would be required to produce lifting at a given speed for rigid 
track than for comparatively flexible track. Actually Equation 

[2] shows the opposite to be true except at speeds so low that 
w<q, using the authors’ notations. 
values of overbalance are required to produce lifting. Whe 


w = q, the overbalance required to produce lifting is a 


2680 Ib for the locomotive constants given under Fig. 6 of the ; 
paper, and U = 1500 lb per sq in. Mr. Barnes showed in ¢ol 
clusion (g),° that he realized the error in Mr. Parke’s conclusi0® ; 


5“The Vertical Influence of the Counterbalance,” by R. 4 ; 
Parke, New York Railroad Club, Feb. 15, 1894. Reprinted in Ra | 


road Gazette, Feb. 23, 1894, p. 136. 


6 Ref. 1, equation immediately preceding Equation [1], p. 1%: P 


and first equation, p. A-184. 
Tbid., p. A-183. 
8 Ref. 4, p. 276. 
9 Ibid., p. 289. 
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DISCUSSION 


In the paper‘ by Mr. Barnes, the theory of vibrations of a 
driving wheel was developed in an appendix by Professor J. B. 
Webb. The latter obtained equations whieh the authors have 
identified with Equation [1] for z, and the corresponding equa- 
tion’ for 2. At this point Professor Webb and Mr. Barnes found 
that their mathematical difficulties were just beginning. Using 
the equations for z, and 2, an attempt was made to determine 
whether or not the maximum lift should occur when the un- 
balance was directly up. They did not, however, assume a 
steady-state vibration but calculated the vertical motion of the 
wheel through 9 revolutions with “stupendous” labor, beginning 
dz, 
dt 
“the maximum lift of the drivers does not commonly occur when 
the counterbalance is directly up, neither does the maximum rail 
pressure occur when the counterbalance is directly down. These 
maximums may take place either before or after the upper and 
lower points according to the conditions under which the wheel 
is revolving at the instant.”” Professor Webb, however, wrote that 
“if the power supplied is used up by the friction, there is a chance 
of getting a regular path,” and “friction delays the phase, is a 
rough statement.” The authors feel that their Fig. 8, obtained 
by neglecting friction while still recognizing the effect of friction 
in producing steady-state vibrations, is very useful in obtaining 
an over-all viewpoint of the problem considered. This type of 
general picture of the problem should precede any detailed 
calculations for a particular case such as the calculations by 
Professor Webb and Mr. Barnes. The wheel lift for various 
points on the curves of Fig. 8 increases from zero, where the 
curve leaves the horizontal axis, to infinity at the point where the 
various curves intersect. The infinite amplitude at the latter 
point results because friction has been neglected. 


The Thick-Film Lubrication of Full 
Journal Bearings of Finite Width’ 


Everett O. Warers.? The writer has been interested in 
solving Reynolds’ equation for various boundary conditions, and 
is glad to have an opportunity to compare the methods of others 
with those which he has found useful in his own work. After 
reading the paper, he would like to offer the following comments 
by way of query or interpretation. 

1 The various figures in the paper indicate that computations 
were carried to eccentricity ratios of the order of 0.6. Is the 
convergence of the successive-approximation method used by 
the authors sufficiently rapid to make this method feasible for 
higher eccentricity ratios—say 0.8 or 0.9—and if so, how many 


approximations would be necessary for reasonably accurate re- 
sults? 


with z, = 0, = 0, at wt = 90 deg. Mr. Barnes concluded that 


2 The effect of a circumferential groove may be easily shown 
by considering Reynolds’ equation directly. The corresponding 
homogeneous equation, using the notation of Howarth and 


Needs, is 
2 (map) 2 


and all the solutions of this equation, when superposed upon the 
solution for infinite width, give the net values of p vs. x and z, 
Provided the boundary conditions are satisfied. Ordinarily, 


Ibid, p. 301. 


, * By M. Muskat and F. Morgan. Published in the September, 

939, issue of the JourNaL or APPLIED Mecnanics, Trans. A.S.M.E., 

vol. 61, 1939, p. A-117. 
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this requires that the soiutions of the homogeneous equation be 
complicated functions of z and z. However, there is one solu- 
tion, usually trivial, that exactly fits the boundary conditions for 
a circumferential groove, namely 


pHaztea 


This shows at once that the circumferential groove merely adds a 
component of pressure varying linearly with z to the pressure al- 
ready fixed by the other conditions. 

A further advantage of the circumferential groove, not men- 
tioned by the authors, is the possibility of maintaining a constant 
carrying capacity for the bearing regardless of the angular posi- 
tion of the load line, which obviously cannot be done when the 
oil is fed at a point source or a line source parallel to the journal 
axis. 

3 The results presented by the authors for simple 360-deg 
bearings without circumferential groove or point source are ob- 
viously predicated upon the existence of positive absolute pres- 
sure throughout the oil film. But since the pressure at the sides 
of the bearing is the mean of the highest and lowest value, one 
concludes that the maximum pressure cannot be greater than 
twice atmospheric, unless oil is fed to the sides of the bearing at 
more than atmospheric pressure—an unconventional and prob- 
ably difficult procedure, to say the least. This limits the validity 
of the results to a fairly narrow pressure range—a limitation 
which must be strictly observed in making practical use of the 
authors’ numerical and graphical data. 

The foregoing remarks are submitted in no spirit of argument 
or criticism, but rather with the thought of pointing out one or 
two directions in which the authors will have to carry their re- 
search a few steps further before it can be considered as finished. 
On the contrary, the pioneer work that they have done on the 
360-deg bearing is well deserving of high commendation, and 
doubtless they have already considered the matter of filling in 
these gaps in order to make the picture complete. 


H. Retssner.* The writer having published a paper‘ about 
the full journal bearing of finite width, would like to remark about 
the difference in the starting point, the mathematical method used 
by the authors and himself, and the future research. The authors 
started from the Reynolds differential equation of lubrication, 
that is, Equation [1] of the paper under discussion. This equa- 
tion is a very plausible approximation, neglecting the inertia 
forces, the curvature of the streamlines, the transverse velocities, 
and the transverse pressure gradient. It has been applied until 
now for the treatment of the bearing of infinite width (Sommer- 
feld) and for the plane bearing of finite width (Michell). 

For the journal bearing of finite width Reynolds’ equation 
brings the inconvenience that its coefficients are functions of the 
circumference angle so that particular solutions of a trigonometri- 
cal development are not possible. Therefore, the authors have 
right from the beginning put up a development in ascending 
powers of the relative eccentricity of the two bearing cylinders 
and have split the original equation into a sequence of ordinary 
two-dimensional potential equations with quasi mass sources 
each depending on the solution of the preceding equation. In 
solving these equations they have also been able to take account 
of a pressure oil feed assuming a radial linear source going from 
journal to bearing. 

The writer’s method resembles in one point the work of the 


3 Armour Institute of Technology, Chicago, III. 

4 “Ebene und riumliche Strémung zaher, inkompressibler, tragheits- 
freier Flissigkeiten zwischen exzentrischen, relativ zueinander rotie- 
renden Zylinderflichen. Beitrag zur Theorie der Schmierung—II,” 
Zeitschrift fiir angewandte Mathematik und Mechanik, vol. 16, no. 5, 
October, 1936, pp. 275-286. 
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authors in so far as it was the first to use the development in 
powers of the relative eccentricity for the bearing of finite width 
as the last step of the analysis. 

In other respects it differs fundamentally. Instead of the ap- 
proximative Reynolds equation it uses the exact differential equa- 
tion taking into account the curvature of the streamlines, the 
transverse pressure gradient, and the transverse velocities. 

The writer does not want to assert that they are not negligible 
except perhaps in the vicinity of an oil-fed source where there 
are transverse velocities decidedly of the same order of magnitude 
as the tangential velocities and in the case of the partly filled 
journal bearing. 

But the advantage of the exact starting equation 


V%(u, v, w) = grad p 


lies in the fact that in cylindrical coordinates r, @, z it has constant 
coefficients in the directions of @ and z and so can be integrated, 
fulfilling the corresponding boundary conditions by Fourier series 
in both directions and in each term. Only in the radial direction 
Bessel functions arise for which, considering the narrow angular 
space, very few terms of a series are sufficient. 

It is only in order to satisfy the boundary conditions appearing 
in the form of difference equations that a development of the 
series coefficients in powers of the eccentricity seemed to be the 
best way for my method. 

The process has been executed so far as to lead to final formu- 
las for the pressure and velocity distribution in circumferential, 
transverse, and axial direction. The average streamlines (taken 
over the thickness of the film) going axially outward on the pres- 
sure side and inward on the suction side have been calculated and, 
using as a bearing a glass cylinder, photographically confirmed. 

Yet the whole analysis was thought only as a program for future 
detail and extension work. 

Now a few words about some future problems in lubrication 
which ought to be prepared theoretically. 

There is first the question of the partly filled journal bearing 
which has less friction than the full bearing because the friction 
on the suction side is avoided. For this case the boundary condi- 
tions at the ends of the arc for velocity and pressure had until 
the writer’s papers never been given exactly. As the velocity is 
not zero at the bounding radii, there must be a free surface run- 
ning along the nearly empty side of the rotating cylinder. Only in 
this way can the fundamental difficulties of this question be 
settled. There will then be obtained a certain relation between 
embracing arc, load, eccentricity, and feed pressure. It will be 
difficult for the Reynolds method, neglecting transverse velocities 
and transverse pressure gradient, to formulate this condition. 

We all know further that two important difficult problems are 
still waiting for a theoretical rational treatment. These concern 
the change of viscosity by pressure and by temperature. Vis- 
cosity changes enormously with pressure and temperature and 
will be very different in different points of the bearing.’ 

The mathematical difficulties have not been surmounted yet. 
Still a theory approximative perhaps but giving the essential be- 
havior must be found. 


S. Kyrropovu.os.* The investigation constitutes, as an appli- 
cation of the hydrodynamic theory to bearings of the type used 
in practice, a valuable contribution to the understanding of their 
working mechanism. The extension of the analysis to bearings 
fed with lubricant at point sources, and the pertaining experi- 
ments with small loads and adequate oil pressures permit an illus- 
trative approximate realization of the limiting conditions visual- 

5 “Theory of Lubrication,” by M. D. Hersey, John Wiley and Sons, 


Iac., New York, N. Y. 
* California Institute of Technology, Pasadena, Calif. 
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ized by Petroff. The discussions of the bearing with a circum- 
ferential groove as a source of oil feed emphasize the nonhydro- 
dynamic factor of better cooling which tends to offset the hydro- 
dynamic disadvantages of such bearings in practice. This ex- 
planatory discussion in connection with the theoretical investi- 
gations of the paper is particularly fortunate in that it may 
serve to increase the confidence of the practical designer in the 
scientific development of the fundamentals of bearing design and 
operation, the importance of which is not yet sufficiently realized, 
as practice shows. 

With regard to the case of bearings fed with lubricant at point 
sources in the pressure region, it might not be out of place to 
sound a warning regarding practical applications. It happened 
not infrequently that in cases where the oil feed was shifted into 
the pressure zone the feed pump was unable to pump against the 
pressure of the oil film and that the bearing even pumped oil into 
the oil pump.’ 

With regard to the subject of thin film lubrication, mentioned 
in the introductory remarks of the paper, the writer is inclined 
to believe that under the conditions of practice, where nonviscous 
lubrication comes into play, such friction is always connected 
with wear due to the irregularities of real surfaces. The high 
local pressures involved result in high local temperatures and 
chemical high-temperature reactions between lubricated surfaces 
and lubricants or in the disappearing of the lubricant and local 
exposure of the “metal’’ surfaces. Prior to this stage there will 
occur at the highest spots true friction between adsorption films 
and, perhaps, such friction will occur also on any adsorption 
layers on local peaks, exposed by high local temperatures in 
which case the adsorbed films will scarcely be identical with the 
original lubricant. Thus the physical investigation of the phe 
nomena will ultimately have to aim at a molecular physical un- 
derstanding of the law of Amontons-Coulomb.* 


CLOSURE 


In reply to the question of Professor Waters, concerning the 
convergence of the approximation method used by the authors, 
we must admit that, beyond eccentricity ratios of 0.6, the num- 
ber of approximations which have been used would not suffice to 
give quantitatively accurate results. Since the method is essen- 
tially equivalent to an expression of the pressure distribution ss 
a power series in the eccentricity, its convergence naturally be 
comes increasingly less satisfactory as the eccentricity increase 
For eccentricities close to unity, a different method of approxims- 
tion would be necessary to obtain significant results. 

The detailed treatment of the problem of a circumferents 


groove is given by the authors in a previous paper.’ While it 


true that the linear-pressure-distribution term, required to gv 


the grooving effect, represents but a trivial solution of the Rey> _ 4 
olds equation, the authors were surprised in their failure @ ~ 
find any mention of this solution or of its applicability in t® 


lubrication literature. 

The authors fully agree with the warning frequently pointe 
out regarding the limitation of the use of the Reynolds equa? 
solution in the regions of negative pressure. 
solutions for the flooded bearing were not intended as ultims% 
representations of the actual situation which will obtain 2 


flooded bearings. Rather, they were derived and develop q 


7 “Die Reibung in Gleitlagern,” by M. Ten Bosch, Schweize#o™ 


Bauzeitung, vol. 99, 1932, p. 321. 
8 “‘Non-Fluid Lubrication,’ by 8. Kyropoulos, Refiner and Natw® 
Gasoline Manufacturer, vol. 18, 1939, pp. 320, 399. 


*“The Theory of Thick-Film Lubrication of Flooded 


Bearings and Bearings With Circumferential Grooves,” bY i 
Muskat and F. Morgan, Journal of Applied Physics, vol. 10, 1% 7 
pp. 398-407. 
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mainly as a necessary preliminary for the study of bearings with 
lubricant sources such as the circumferential groove or the point 
source. If the feed pressures in these types of bearings are suffi- 
ciently high, the negative pressures will be overcome and the 
contributions due to the flooded-bearing solutions will possess 
physical validity. 

While it is true that the exact hydrodynamic equation used by 
Dr. Reissner has constant coefficients in the direction of 6, the 
difficulty of satisfying exactly the boundary conditions in the 
radial direction would seem to be about as great as the difficulties 
of treating the Reynolds equation. Moreover the authors can- 
not agree that the approximations of the Reynolds equation will 
be of any consequence in treating practical journal-bearing 
systems, where the radial clearance is but a small fraction of the 
over-all dimensions. In fact, as Duffing has pointed out, in the 
case of the infinitely wide bearing the exact hydrodynamic treat- 
ment gives identically the same pressure distribution as found by 
Sommerfeld when using the Reynolds equation. It is difficult to 
see how the mere finiteness in width would lead to appreciable 
errors if the radial clearance is kept small. Even where a source 
is present the approximations of the Reynolds equation should 
still remain valid except possibly in the immediate vicinity of the 
source. 

The authors do agree with Dr. Reissner’s last remark concern- 
ing future problems. The question of negative pressures does in- 
deed still seem to be bothersome, and a study of the boundary 
conditions from the point of view of the rigorous hydrodynamic 
equations would be the most promising line of attack. 

The difficulty expressed by Professor Kyropoulos of applying 
the lubricant source in the high-pressure zone of the film is well 
taken. The theory developed by the authors permits a calcula- 
tion of the pressure which would be required to maintain any 
rate of lubricant inflow at the point source. Of course, the rate 
of inflow will decrease with the applied pressure and, if the exter- 
nal sources cannot maintain a pressure at the inflow point equal 
to the natural pressure which would be developed there in a 
flooded bearing, the bearing will even pump lubricant back into 
the oil pump. 

The problem of thin-film lubrication is indeed pressing from a 
practical point of view. The authors agree with Professor 
Kyropoulos’ interpretation regarding this problem. In fact, it is 
their belief that the hydrodynamic theory will have to be aban- 
doned completely in this region of lubrication, and that the prob- 
lem will be solved only by direct experimental investigation. 


Chain Links Under Cross Forces’ 


M. V. Barton.? In this paper the condition of loading 
assumed by the author was one in which the forces were exerted 
by the connecting links at right angles to the supported link. 
This condition of loading probably would not occur in a chain 
installation because of the necessity for the connecting links to 
pass around the supporting chain sheave or drum; also, this 
condition may not necessarily be the most severe encountered 
in chain service. For these reasons it may be necessary to con- 
sider the stresses in the links adjacent to the one analyzed by 
the author. The adjacent connecting link would be rotated 
In position 90 deg with respect to the one analyzed by the author 
and may be assumed to be supported in its vertical position by 


ed sheave groove or by the restraining action of the connecting 
inks, 
* By Jos. B. Reynolds. Published in the December, 1939, issue 
or Appiiep Mecnanics, Trans. A.S.M.E., vol. 61, 
» A-171, 
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For purposes of comparison with the author’s results, the 
circular link as illustrated in Fig. 1 of this discussion will be 
analyzed. This indeterminate structure may be easily analyzed 
by means of Castigliano’s theorem. The structure with re- 


Fie. 1 


Fie. 2 


dundants M> and H, acting is shown in Fig. 2 of this discussion. 
The moment at any point is 


M, = M, — H.R(1 — cos 8) {1] 
for0 < @ < a, and 
= Mo— HoR(1 — cos + PRsin (@—a)..... [2] 


fora S @< x. For continuity, deflection at A in the direction 
of Ho equals zero, or 


+ f PR sin (@ — a)(1 — cos 6)d0........ [4] 
Also change in slope at A equals zero, or 
oV oM 
A=0= = M —— d0 


Solving these two equations for Mo and He it is found that 


My, ~ Pe | 6] 


for0 < @ S a, and 


M, PR| — (24!) sin 


fora SOS 7-2. 


Investigation shows that for practical angles of the force, the 
maximum moment occurs where 6 = 7, i.e., at the point of 
support, then 


M = ta sin — cos — 1] [8] 


and the condition for the maximum value of M is given by 


[9] 


3 
A 
| 
ov oM 
} = [Mo — HoR(1 — cos 6) ] (1 — cos 6)dé 
0 
= 
= [M, — H.R(1 — cos 6) 
+ PR sin (6 — a)d@....... [5] 
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or for a about equal to 131 deg. For the case a = 131 deg 


This is about 12 per cent less than that found as a maximum by 


the author. The stress produced however may be higher in this 
case because the effect of thrust must be added. 
Hence 
Me, 


where H = P sin a — Hp = 0.552P. This stress will of course 
be increased by the shift of the neutral axis which has not been 
considered here. 

It is evident therefore that it is possible to obtain stresses 
which are higher than those determined by the author at prac- 
tical angles of application of the forces. 

It might also be pointed out that the deflections found from 
geometrical considerations by the author may be very easily 
verified by the use of Castigliano’s theorem, that is 


ov M, 0M, , M, oM, , KQ 2 
f E op GI, AG 20 | 
[12] 
1 1 KPR « 
PR (@—2) + | [13] 


where K is a shear deflection factor having a value of about 
unity for circular sections and 6/5 for square sections. 


AUTHOR’s CLOSURE 


The theory of the paper deals only with the conditions under 
which tests for verification were run. Many other circumstances 
are not only possible but in accord with actual conditions. In 
general, when the link lies flat on the sheave, the forces applied 
at the ends of the link will not be perpendicular to the plane of 
the neutral axis of the link, but will have components tending 
to stretch the link as well as components tending to bend it. 

Mr. Barton has made a significant contribution to the general 
theory. An analogous method might be employed to analyze 
the case of an oblong link under corresponding circumstances. 
It can hardly be assumed in these cases, however, that P has the 
same value as in the case discussed in the paper. 


Analysis of Spherical Shells of 
Variable Wall Thickness’ 


Sreran BerGMann.? The author has published a contribution 
to the theory of elasticity of the spherical shell for the case where 
certain terms in the differential equations can be neglected, pro- 
vided the thickness of the shell varies according to the law* 


6 = d(l + ag)? 


Since the author’s (approximate) solution appears in a form very 

convenient for numerical calculations, his result is to be con- 

sidered as a valuable contribution to the theory of thin shells. 
Nevertheless, it appears to be of practical importance to insert 


1 By M.F.Spotts. Published in the September, 1939, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 61, 1939, 
p. A-97. 

*Graduate School of Engineering, Harvard University, Cam- 
bridge, Mass. 

’ Throughout this discussion, the writer uses the nomenclature 
adopted by the author. 
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a few remarks on the exact theory of spherical shells as affected 
by external forces and of the wall thickness which varies accord- 
ing to another law. In this connection the attention of the reader 
should be called to a method for the solution of related problems, 
indicated by the writer and used and worked out in detail by 
Berentzen.‘ 

The latter considers the problem of a spherical ring shell the 
thickness of which varies according to 6 = 0.16a¢/t, the external 
forces being represented by its own weight and by hydrostatic 
pressure; ¢ is a parameter upon which the thickness of the ring 
shell depends. 

The publication‘ was intended mainly as a contribution to the 
theory of dams. Introducing spherical coordinates a, ¢, 0, the 
neutral surfaces of such a “shell” dam are given by go S ¢ S ,, 
6 <6 S 6,. Berentzen considers a shell g S ¢ S ¢,,0 $8 
< 2x, as shown in Fig. 1 of this discussion. The method em- 
ployed in his paper aims to give—with the aid of certain functions 


Fig. 1 


tabulated once for all—a comparatively concise solution for every 
value of t, for arbitrary height of the water surface, for arbitrary 
¢o and ¢,, and for arbitrary boundary conditions. 

As auxiliary quantities are introduced X and the quantity 


M=t instead of Q. Starting then from Reissner's 


equations, he obtains (instead of Spotts’ Equations [46] and 
(54]) the following equations 


2 
3. 


( + + 28 


10E 
8a°E 


+ (3) 


where 6 = o*(8) = (. X(8) = x(6 + 


The quantity ¢*(8) depends linearly on parameters @,, ? ~ 
1, 2, 3, 4, the values of which depend on the height of the wa 


4**Untersuchungen tiber Spannungen einer unter aiisseren Wasser 
druck und Eigengewicht stehenden Kugelringschale mit verande! 
lichen Dicke,’’ by W. Berentzen. Edited Kéln, 1936. 
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surface, the angles go and ¢,, the specific weight of the material 
of the shell, the constant ¢, and Poisson’s ratio u. 

The general solution of the system of equations of this discus- 
sion appears in the form 


8 8 


y=l v=l 


wherein the X,(8) and M,(8) are properly chosen particular 
solutions depending only on ¢t and yu, but independent of all other 
parameters aforementioned. By choosing in an appropriate 
manner a, we get the sought solution of the considered problem. 

It remains to determine the X,(8), M,(8), v = 1, 2,...8as 
functions of t and uw. It may be assumed that the variations of 
uare small (uo Su S wo + ¢,e <1). For X,(8) and M,(8) 
certain power series 


A vo?) 
v=0 


v=0 


are obtainable whose coefficients A,»° depend on ¢t and up. These 
power series converge for every 8 in the interval —-90 deg < 8 
< 90 deg. Therefore, if they are considered in a partial interval, 
eg., —-30 deg < 8 < 30 deg, there is rapid convergence and if 
eight terms are taken the error committed is much less than 1 
percent. The coefficients A,,°* in the power series are polynomials 
(and not power series of ¢ as it would be in the case of a more 
general system of equations) in ¢? and uw the degree of which is 
increasing gradually with 9. The coefficients A,»*, 9 < 8 are not 
higher than of the second degree in ¢? and, as » — yo is very small, 
we shall have 


X, = + + + (4 — wo) (Xu + + 
M, = (My, + Myt? + Mit) + — wo) (My + Mut? + Mut) 


It is advantageous to tabulate not only X,3(8) and M,5(8) 
but also X,3’(3), M,s’(8), as well as two other certain quantities 
occurring in the computations. 

Not all of these quantities have been calculated by Berentzen 
yet. But he establishes all of the equations which are necessary 
to calculate the series. He calculates furthermore all of the func- 
tions X,(8), M,(8), X,’(8), M,'(8) mentioned for definite values 
of tand » and shows in detail how the constants a, are to be de- 
termined from the given water height, from the weight, and from 
the boundary conditions. 


M. Herény1. When a thin shell of revolution is subjected 
to axially symmetrical edge loading the stresses are of a damped- 
wave character, rapidly decreasing along the meridian away 
from the loaded hoop circle. The thinner the shell and the larger 
the angle of opening, the more concentrated are the stresses in 
the edge region. For such cases it is satisfactory to use the solu- 
tion by Geckeler, who takes into account only the highest 
derivatives in the differential equations of the problem and 
thereby substitutes the edge region of a shell of revolution by a 


cylindrical shell. If the shell is somewhat thicker : < 10) or 


its angle of opening is small (g < 45 deg), then Geckeler’s solu- 
tion will involve considerable error and a better approximation is 
needed, which would take into account also the derivatives next 
to the highest in the differential equations. The author has accom- 
plished this by a suitable change in the variable and his approxi- 
mation is of the same order as the one investigated by Blumenthal® 
c 5 Research Laboratories, Westinghouse Electric & Manufacturing 
0., East Pittsburgh, Pa. 


en die Asymptotische Integration,” ete., by O. Blumenthal, 
euschrift fiir Mathematik und Physik, vol. 62, 1914, p. 343. 


and by the writer’ for spherical shells of constant wall thickness. 

This type of solution is termed asymptotic and has a point 
of singularity at the vertex of the shell where it gives infinite 
values for the unknown quantities. As a rule this singularity 
affects only the immediate neighborhood of the vertex; however, 
in Fig. 4 of the paper, even at 5 deg away from the vertex, the 
angular deflection x shows no tendency of approaching zero, 
which value it should assume at the top. It would be interesting 
to know whether that divergence is due to the singularity at the 
vertex or to some other reason. 

The accuracy of the author’s solution is probably high, though 
it would be of interest to try to estimate the involved percentage 
error in the same manner as has been done by the writer for shells 
of constant thickness. The variable wall thickness assumed in 
the paper is apt to follow the actual stress distribution in shell 
constructions and the author is to be congratulated for this 
valuable contribution to the theory of thin shells. 


The Spring Clutch’ 


A. M. Waunu.? The author has presented an interesting analy- 
sis of a device which should probably find in the future a wider 
application than it has had in the past. For example, a possible 
additional use might be in torque-limiting mechanisms, since, as 
the author shows, by using a relatively few turns the unwinding 
torque may be kept practically constant irrespective of the actual 
magnitude of the coefficient of friction. Such torque-limiting 
devices could be made to operate in both directions by using two 
springs, wound in opposite directions, in series on coaxial arbors. 

The author derives the expression for limiting torque T by 
assuming initially a constant force fo per unit length produced by 
assembly of the spring. This force fo is determined from energy 
considerations. The differential relations of an element of the 
wire are set up and by integration the torque is determined. 
Near the end of the spring there will be a tendency of the spring 
to lift from the arbor as indicated in Fig. 1b of this discussion, 
while a concentrated load P’ also acts at this end. 

It will be of interest to apply curved-bar theory to this problem 
and to compare the results with those obtained by the author. 
If r is the mean radius of curvature of the circular ring and u the 
radial deflection (taken positive toward the center of the ring) 
at any point at an angle ¢, as shown in Fig. 1b, it may be shown 
that the following differential equation holds. 


where M is the bending moment at the angle ¢.* 

The equations of equilibrium of an element of the bar may be 
obtained from Fig. la (by neglecting small quantities of higher 
order). These are (for the unwinding condition where the friction 
force uprd@ is in the direction shown) 


aM _ 
dp 2 


7 “Spherical Shells Subjected to Axial Symmetrical Bending,” by 
M. Hetényi, Publication of International Association for Bridge and 
Structural Engineering, Eidgen. Techn. Hochschule, Zurich, Switzer- 
land, vol. 5, 1938. 

1 By C. F. Wiebusch. Published in the September, 1939, issue of 
the JouRNAL or AppLiED Mecuanics, Trans. A.S.M.E., vol. 61, 
1939, p. A-103. 

2? Research Engineer, Research Laboratories, Westinghouse Elec- 
tric & Mfg. Co., East Pittsburgh, Pa. Mem. A.S.M.E. 

3 See, for example, ‘Strength of Materials,’’ by S. Timoshenko, 
D. Van Nostrand Co., New York, N. Y., vol. 2, p. 458. 


qq 
y 
q 
4 
4 Teg 
4 
1 
[2] 
: 


A-90 JOURNAL OF APPLIED MECHANICS JUNE, 1940 


dQ From Equation [4], using Equation [7 | 
- ie P or [8] 
Since in most practical clutch springs h is small compared 
where Q = shearing force, lb; » = coefficient of friction; p sath 
= radial pressure in pounds per inch acting at angle ¢; r = mean dP 
radius of spring; and h = depth of cross section, in. dp (9 
M+dm By differentiating Equation [1] and using Equations [2], {3), 
and [9] we have 
d uh d? 
dp 2r 


The solution of this equation is (for small h/r) 


For the unwinding condition, it may be expected that A = 0, 
since p cannot continue to increase with increasing ¢; hence 


The angle y from the end of the spring at which contact is 
established with the arbor may be determined as follows: 
At @ = 0, the moment, shearing force, and direct load are 


respectively 
My = P’r [sin + (1 —cosy)]............... [13] 
Qo = P’ (cosy + wsiny) + Xo....... 
Po = P’ (sin — uw cos (15) 


These equations are obtained from conditions of static equ: 
librium, the force Xo being an assumed concentrated load acting 
radially outward at ¢ = 0; it is not shown in Fig. 1 of this dis 
cussion. This force is necessary to satisfy conditions near the 
end of the spring. In addition, since the end of the spring mus 
deflect outward by an amount 6 (1 — cos y) relative to point (, 
shown in Fig. 1 of this discussion (due to forces P’ and uP 
we have from curved-bar theory 


 sinycosy 

p! 6 EI )2 + u (1 —cos 
(b) wsin? y 1 
2 1 — cos y 


Fic. 1 Spring CLutcu 


Where the spring is in continuous contact with the arbor, and Also from Equations [2], [3], and [7] for small h/r 


the outward radial deflection is 5, where 4 is the difference between Po = por = Br 
the arbor radius and initial spring radius, we have from Equation sh qt 
[1] (since d?u/dg? = 0 for u = const) Q = = 
2 
Mor? 
as [5] where po is the unit radial load at @ = 0. 
I From Equations [5], [13], and [16], we find if u is not too large 
that an approximate expression in radians for y is 
where M, is the constant moment. PP 
Also where the spring is in continuous contact with the arbor, eS eS) errr 
from Equation [2 
snieaietiai These equations enable us to determine po by using approxims* 
dM 0 uprh (6) expressions for sin y and cos y. Thus 


6EI (1 —0. 


(1 + 0.92y) 


or 


Q = uph/2........ [7] The free torque is given by 
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T = upr'dp + w(P’ + Xo)r 
0 
where NV’ = number of turns in contact with arbor measured from 
point ¢ = 0 (note that this is not the total number of turns). 
Using the values of P’ and X» found from the foregoing equa- 
tions, the expression for free torque becomes 


p (1 — 0.924) + 184] 
(1 + 0.92.) Er 
For N’u greater than about 1, the exponential term may be 


neglected and the equation reduces to 


5EI 


r2 


This value of torque coincides with the value given by Equation 
[5] of the paper! if h/r is small and the value of fo given by Equa- 
tion [19] of the paper is used. 

For the slipping torque it is merely necessary to change the 
sign of » in the preceding equations. In this case the first term 
on the right side of Equation [11] may be neglected as far as 
any contribution to the torque is concerned since r/h is assumed 
very large and with » negative the exponential term dies out 
very rapidly. Hence Equation [20] may still be used if the sign 
of » is changed. 

This gives for the slipping torque 


1 - 


T' = 

where the negative sign signifies a torque in an opposite direction 
to the free torque. 

It should be noted that Equation |22) of this discussion differs 
somewhat from Equation [8] of the paper, the difference being 
accounted for by the assumptions made as to conditions near the 
end of the spring. Also the value N’ for number of turns in 
contact with the arbor is used rather than total turns N as used by 
the author. Since the angle y at which contact is established, 
shown in Fig. 1, is approximately (2.14 — 1.4u) radians for the 
slipping condition (obtained by changing the sign of » in Equa- 
tion {18]) it may be expected that N’ will be around '/, to '/3 
turn less than N. For the larger values of N, if this difference 
between N and N’ is taken into account, the results calculated 
from Equation [22] of this discussion will not differ much from 
those calculated from Equation [8] of the paper. In actual 
springs, however, considerable deviation from the ideal condi- 
tions assumed in the analysis may be expected in many cases 
and this may result in considerable difference between calculated 
and test values of the slipping torque. Such deviations may also 
account for the +20 per cent variations in slipping torque found 
experimentally by the author. 

It is interesting to note that if we assume a zero coefficient of 
friction, then from Equation [19] of this discussion the radial 
pressure becomes constant and equal to 


@e For small values of h/r this equation coincides with the expres- 


sion for fy obtained by the author from Equation [19] of the 
paper for the radial load on the spring when no torque is applied. 
This expression for fy thus involves the assumption that frictional 
effects are negligible during assembly of the spring on the arbor. 


AvTHOR’s CLOSURE 
The curved-beam theory has the advantage of yielding an ex- 


Pression for the end effect, that is, for the portion of the turn 
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which does not contact the arbor. From Equations [18] and [16] 
of the discussion, it is possible to calculate the inward force P’ 
at the end of the spring. One can then decide whether or not it 
is necessary to grind or otherwise treat the end of the spring in 
order to reduce the bearing pressure to a safe value. On small 
spring clutches no special end treatment is generally required but 
on larger sizes, intended to give high values of free torque, end 
treatment is necessary to prevent excessive wear. 

The curved-beam theory has the disadvantage of resulting in 
a more complex derivation and a more complex expression for 
the torque and in addition it requires, on the part of the reader, 
a more detailed knowledge of elastic theory than does the energy 
method. Both methods introduce an approximation regarding 
the smallness of the ratio of h/R, but it is not obvious which 
derivation results in the better solution in cases where h/R, is 
not very small. 

The most sensitive test of the equations are data such as are 
shown by the torque curve of Fig. 4 of the author’s paper. For 
the case shown in Fig. 4, Equation {21] of the discussion would 
give about 3.5 per cent lower value of torque at the 0.193-in. 
arbor diameter and a 3 per cent higher value at the 0.182-in. 
arbor diameter. It is believed that the data would have shown 
up such differences. This cannot be taken as conclusive evidence 
for choosing between the two equations and more data would 
be required to settle the point. The percentage difference between 
the two equations is given by 100 (6 — h/2)/R, and hence for 
values of h/R, of about 0.2 one might expect a 10 per cent differ- 
ence between the two methods of calculation. This difference is 
large enough to permit easy experimental differentiation between 
the two relations. 


The Forces Required for Rolling 
Steel Strip Under Tension’ 


C. W. MacGrecor.? Dr. Nddai is to be congratulated upon 
this noteworthy contribution to our knowledge of the stresses 
set up during the rolling of steel. The extension of the solution 
to the cases of front and back tension is very interesting and will 
prove of considerable value in that it clearly brings out the effects 
of certain variables, such as friction on the shape of the pressure 
distribution between the rolls and the bar. 

It appears that during rolling under well-lubricated conditions 
the assumption that p is a principal stress represents the true 
case very closely. When dry friction is assumed, or if metal to 
metal contact is present, p will then probably differ somewhat 
from the principal stress at the point of contact. The writer 
would therefore like to ask Dr. N&dai if any calculations have 
been made in order to show the magnitude of this effect. 

Recently cold rolling tests were made at the Massachusetts 
Institute of Technology during which motion pictures were made 
of the flow layers obtained on the highly polished surface of the 
rolled bar as it passes between the rolls in the rolling mill. The 
bars were of Bessemer screw stock, 1 in. square in cross section, 
and the rolls about 6 in. in diameter. The reductions used were 
from 1 to 2'/; per cent. A special apparatus using reflected light 
was designed in order to photograph the flow layers in motion. 

It was found that the flow layers received were simple cycloids 
checking very closely those predicted by Prandtl’s solution for 
plastic flow between two rough parallel plates. 


1 By A. Nddai. Published in the June, 1939, issue of the JouRNAL 
or AppLieD Mecuanics, Trans. A.S.M.E., vol. 61, 1939, p. A-54. 

2 Associate Professor of Applied Mechanics, Massachusetts Insti- 
tute of Technology, Cambridge, Mass. Jun. A.S.M.E. 

3“The Plastic Flow of Metals,”’ presented at the A.I.M.E. Meeting 
during the National Metals Congress in Detroit, Oct. 17, 1938. 
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Since the rolling problem is indeed very complicated with such We will indicate the method of solution without carrying out 
a large number of variables entering the problem, the method all the work in detail. 
adopted by Dr. N&dai of inquiring into the effect of changing one With the complex substitution 
variable at a time appears to be perhaps the best procedure to aes 
give us the fundamental information so needed to clarify this 1219 
problem. It is hoped that he will continue the work along these CRRA ORR He 


lines. 
the equation obtained from Equation [2] of this discussion con- 


tains three integrals 


AvuTHOoR’s CLOSURE 


The surface friction between rolls and the piece to be rolled _ 
mentioned by Dr. MacGregor deeply influences the structure of “yids a. 
the rolled piece and the distribution of the stresses in the contact f 
areas. Conditions in this respect may be widely different 


in the case of hot rolling or when a strip is cold-rolled and at the a . . 
same time one of the high-pressure lubricants is applied. Axial o Va day.... [5 
tension must also have a deep effect on the stress distribution P 
and probably makes it more uniform along a line which is per- a= 
pendicular to the plane of the sheet. It is known that a few V2 (6) 
cases have been treated, in which the nonuniform stress distribu- ; ° 
tions were determined in a layer of a plastic material squeezed The solution of Equation [4] is obvious, while Equation {5} ” 
out under pressure between rigid plates. The case of parallel appears in the solution for an exciting force of constant ampli- pe 
plates and that of two slightly inclined plates have been treated. tude. . 
It appears, therefore, that it may be possible perhaps to improve Integrating by parts, Equation [6] of this discussion can be >- 
the assumptions which were made in the paper for describing the written ‘ O 
states of stress in the compressed portion of a sheet, so that ac- ; 
count also of the tangential forces is taken retarding the flow of sad : 7 1 er Eng 
the plastic material when it is compressed between the rolls. Vie = VrK + +3 de hone 
_ The experiments by Dr. MacGregor may throw additional light ; * 7 » man 
on the influence of the surface friction and should be of assistance ) tom 
in the future, when such improved computations should be car- After these substitutions and reduction there is obtained the i up o 
ried out. solution + and 
wiles It is 
tion of the Vibration of Accelerated } auth 
tiona 
1 2 9 ~ Ue? 
Unbalanced Rotor + + 2V — | ous 
. 
F. M. Lewts.?. A solution of the problem of the vibration of an The ¢: and ¢ integrals were evaluated for the 1932 paper spons 
accelerated unbalanced rotor can be obtained by the same pro- so that results for the present case can be easily obtained, the aan ‘ 
cedure, using complex functions, which was utilized in the writer’s only additional operations needed being multiplication and div- [7 pe 
paper? “Vibration During Acceleration Through a Critical sion, provided that the same r’xq values are used for whic! ’ Wes 
Speed,” which was referred to by the author.! ¢: and g were previously computed. ine 
If the eccentricity of the mass M is e then the magnitude of the The writer has evaluated the solution for g = 40.8, y = 0.05! : Du 
exciting force becomes accelerated motion, which is very close to Baker’s curve for ¢ [© given 
a r? = 40.8, y = 0.050 and by interpolating between Baker's curves older 
M my ew,* = 7 ce (1! for y = 0.05 and y = 0.1 a close check can be obtained in ths early 
ease. _ were 
and if the resonance factor R is now equal to 2/e, then the di- A comparison between points on the curve ¢ = 40.8, y = (0.00! the E 
mensionless solution corresponding to Equation [15] of the 1932 py the machine and ¢omplex integral calculation is given " pote 
paper* becomes Table 1 of this discussion. & Scotti 
Work 
0 B Machine Equation [(8) tradit 
0.924 4.0 3.98 
[(r2/q) —2rus] 2 1078 126 12°42 by Eu 
[2] 1.107 13.7 13.45 Cvitab 
Peak other | 
Here R is the same quantity as the z/e or u of Baker’s 1.123 13.7 13.30 BD edge a 
paper,! but the other symbols are identical with those of the 1932 1198 3°7 3°68 a te 
aper.* apne: 
ae er ber, 1939, i f th The curves are almost identical in shape, baving their ms ng 
1 By J. G. Baker. Published in the December, , issue of the | f the differenti: 7 - 
JouRNAL or AprLiep Mecuantcs, Trans. A.S.M.E., vol. 61, 1939, p. at the same 6 fragme 
A-145. analyzer curve appears to igh by 2'/: or 3 per cen @ The 
2 Professor of Marine Engineering, Massachusetts Institute of The peak value of the deceleration curve was computed aD | TB tempt 
Technology, Cambridge, Mass. Mem. A.8.M.E. - the machine curve appears to be high by 3'/2 per cent. 3 
3“Vibration During Acceleration Through a Critical Speed,”’ by In view of the difficult problem given the machine, virtusl! 


F. M. Lewis, Trans. A.S.M.E., vol. 54, 1932, paper APM-54-24, p. 


253 amounting to summing a considerable number of positive *” 
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negative loops, such an agreement can be considered remarkably 
close. It is to be expected that for lower q values and higher y 
values a still closer check could be obtained. 


AvUTHOR’s CLOSURE 


In the oral discussion attention was called to a paper, ‘The 
Transient Vibrations of Machines,” by W. E. Johnson, published 
in the General Electric Review. The author was not aware of 
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this paper, which should have been included in the references 
noted. The present paper differs mainly by including the effect 
of damping. 

Professor Lewis’ discussion is especially valuable in that it 
not only demonstrates an entirely mathematical method of ob- 
taining the results of the paper, but also substantiates the accu- 
racy of the mathematical machine used. The author is grateful 
for Professor Lewis’ contribution. 


Book Reviews 


The Timoshenko Commemorative 
Volume 


Tue Mecuanics or Souips. A Collective Work. The Macmillan 
Company, New York, N. Y., 1938. Cloth, 6 X 9 in., 277 pp., illus- 
trated, $5. 


REVIEWED By S. C. Ho.uisTer! 


N the evening of December 6, 1938, at the time of the 

Annual Meeting of The American Society of Mechanical 
Engineers in New York, a notable group met at dinner to do 
honor to Professor Stephen Timoshenko. On that occasion his 
many friends presented him with a volume of collected writings 
to mark his approaching sixtieth birthday. This volume is made 
up of papers contributed by twenty nine of his friends, associates, 
and former students, each writing in his special field of interest. 
It is the first commemorative volume of the kind to appear in this 
country. 

It is only natural, and indeed very fitting, that the group of 
authors reflect Professor Timoshenko’s relation to the Interna- 
tional Congresses for Applied Mechanics; his years at Westing- 
house; his many friendships and associations in the Applied 
Mechanics Division of this Society, of which he was a leading 
sponsor; and his decade of teaching at the University of Michi- 
gan. It characterizes the quality of his leadership, both as an 
authority in the field of mechanics to which he has devoted his 
life, and as an organizer in strengthening the research and teach- 
ing in that field. 

During the century or more that engineering training has been 
given in America, applied mechanics has rested chiefly on the 
older tradition of the English-speaking countries abroad. In the 
early part of the nineteenth century, the prevalent works here 
were those of Navier and Poisson. By the middle of the century 
the English translation of Weisbach was available, and about that 
time an American edition of Moseley, and the work of the great 
Scottish engineer Rankine, came into common use. The latter 


9 work especially had a profound influence on the scope and 


methods of instruction in mechanics in this country. The French 
tradition had disappeared, and the Russian tradition, founded 
by Euler, was almost unknown. Such a development was in- 
evitable, chiefly owing to the remoteness of frontiers where 


) other languages were spoken, and the consequent scanty knowl- 


edge among engineering students of other tongues than English. 
Late in the century American works on mechanics began to 
appear. The books by Merriman and Church came into general 


@%e. They carried on the same tradition as before, with only 


fragments drawn from French and German schools. 
The first two decades of the present century witnessed an at- 
tempt to “simplify” the writings of earlier authors. Mechanics 


1 Dean, ll . . 
ASME. ollege of Engineering, Cornell University. Mem. 


in this period did not move forward here as it did abroad. The 
disparity between the status of the subject here and abroad be- 
came increasingly marked. It was into such a situation that 
Timoshenko came at the end of the World War. 

We have witnessed during the last two decades a tremendous 
stimulation in the study of mechanics in this country. In this 
development Timoshenko has played a leading part. The books 
“Applied Elasticity” (1923) by Timoshenko and Lessells, and 
“Strength of Materials” (1930) by Timoshenko, have exerted a 
profound influence upon the teaching of mechanics in America. 
The organization of the A.S.M.E. Applied Mechanics Division 
and the initiation of that Division’s publication, JouRNAL oF 
AppLieD MEcuanics, to both of which Timoshenko gave impetus, 
have further strengthened the field by furnishing a forum for the 
discussion of practical problems in dynamics, elasticity, and 
plasticity. 

It is no wonder, then, that a spontaneous desire arose to do 
honor to Timoshenko on his sixtieth birthday anniversary. He 
has personally left a profound impression upon the advancement 
of mechanics in this country, both on its teaching and upon its 
practical application to problems in industry. As a teacher he 
has that rare gift of developing men to a new level of competence, 
as contrasted with the frequent practice of merely presenting 
courses. 

Handsome as the present volume is as a tribute to the genius 
of Timoshenko, it is a notable book in its own right. The authors 
include distinguished European writers as well as many well- 
known American teachers and engineers. The contributions deal 
with the whole gamut of mechanics of solids, both in fundamental 
aspects and in practical applications. As a reference work it will 
be sought after by many workers in dynamics, elasticity, elastic 
buckling, plasticity, and soil mechanics. 


Bending of Plates 


MOMENTENTAFELN UND EINFLUSSFLACHEN FUR KREUZWEISE BE- 
WEHRTE EISENBETONPLATTEN. By Ernst Bittner. Julius 
Springer, Vienna, 1938. Paper, 7 X 10 in., 86 pp., 16 figs., and 
81 tables, 9.60 rm. 


REVIEWED BY S. TIMOSHENKO? 


‘THE problem of bending of a simply supported rectangular 

plate by a uniformly distributed load is completely solved 
not only in the case when the load is distributed over the entire 
surface of the plate but also in the case when the load is dis- 
tributed over a rectangular area representing only a portion of the 
surface of the plate. In the design of plates used as a floor of a 
highway bridge we have a more complicated problem of bending 
of plates under the action of concentrated loads. The practical 


? Professor of Theoretical and Applied Mechanics, Stanford Uni- 
versity, Stanford University, California. Fellow A.S.M.E. 
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solution of this problem is discussed in the Bittner book. To 
find, in each particular case, the most unfavorable loading condi- 
tion, influence surfaces are introduced. By using these the 
maximum bending moment for any combination of loads can be 
readily obtained. The concentrated forces in this calculation are 
replaced by loads distributed over small rectangular areas. 

The first part of the book contains the general explanation of 
the use of influence surfaces and gives a numerical example in 
which the method is illustrated with aJl necessary detail. The 
second part of the book contains numerical tables of influence 
numbers calculated for various ratios of the sides of the plate and 
for various magnitudes of the loaded rectangle. The third part 
of the book is of a more theoretical character. It includes the 
discussion of the general theory of rectangular plates which was 
used in the calculation of the influence numbers and also a dis- 
cussion of some approximate solutions which were used in the 
case of plates with built-in edges. 

The book is of considerable importance for engineers who are de- 
signing concrete slabs submitted to the action of systems of travel- 
ing loads as for case of highway bridges. Most of the numerical 
tables appear for the first time and will be useful to designers. 


Theoretical Mechanics 


THEORETICAL Mecuanics. By Carl Jenness Coe, Ph.D., Assistant 
Professor of Mathematics, The University of Michigan. The 
Macmillan Company, New York, N. Y., 1938. Cloth 5'/2 x 
81/2 in., xii and 555 pp., 102 figs., $5. 


REVIEWED By J. N. GoopiErR? 


THs book covers courses given by the author in the depart- 
ment of mathematics, University of Michigan, one intro- 

ductory and one advanced, throughout the year. A year’s work 

in calculus is suggested as adequate mathematical preparation. 

The preface discusses the present position of Newtonian me- 
chanics in relation to relativity mechanics. A very readable intro- 
duction justifies the study of the former on the grounds that the 
extent to which it explains the physical world is much more sur- 
prising than the fact that there are cases in which it does not. 
The point of view throughout the book is correspondingly philo- 
sophical, with virtually no regard to practical application. Such 
regard is of course not pertinent in a ‘Theoretical Mechanics,” 
except incidentally where the author chooses to illustrate princi- 
ples by means of actual mechanisms. Then the student may be 
led to believe that a physical problem has been solved, when, in 
fact, tacit idealization has destroyed its reality. 

The analytical treatment begins with a concise discussion of 
the rectilinear motion of a particle. The next chapter is an in- 
troduction to vectors; vector analysis is then employed con- 
sistently throughout the book. The chapter on curvilinear mo- 
tion proceeds at once to space curves with subsequent specializa- 
tion to plane curves. The special topics include finite pendulum 
motion and planetary motion. Rigid-body mechanics begins 
with the general kinematical theorems for the fixed point and the 
fixed axis, and includes ‘twists’ or “screws” as general mo- 
tions. Then comes a chapter on sliding vectors—vectors localized 
in a line, as forces in statics. This covers the reduction of vector 
systems, or the composition of forces in the older specialized 
language. In the chapter on statics of particles and of a rigid 
body, simple frames and centroids are included; the following 
chapter deals with the flexible cord and funicular polygon. 

The discussion of virtual work is preceded by a section on 
constraints, where it is emphasized as a principle that motions 
of a set of particles satisfying the imposed conditions are as a 
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whole neither aided nor opposed by the constraints. It has 
proved difficult to realize any clear meaning in this as it stands, 
in spite of physical illustrations provided. It is only later that 
the author’s intentions become apparent, when he lays down 
postulates as to the work of the constraints, whereupon the 
“principle” in question seems to become redundant. 

The chapter on kinetics of particles introduces the momentum 
and energy theorems, and, in brief, the problem of n_ bodies, 
The treatment of moments of inertia in the chapter on kinetics 
of a rigid body is in terms of vector analysis, but is very much 
more cumbersome than the usual coordinate treatment. The 
mechanical subjects of the chapter are free motion in a plane, 
motion about a fixed point, including tops, and about a fixed 
axis. There is then a chapter on general principles of mechanics, 
Throughout the book are admirable short historical sections. 

A final chapter on potential theory is preceded by a treatment 
of scalar and vector fields, with the thearems of Green and Stokes, 
The potential theory, as may be expected, is put on a rigorous 
basis. There is an excellent set of problems, including potentials 
of ellipsoids of revolution for axial points. 

The book contains in all 696 problems for the student. 


Elements of the Topology of 
Plane Sets of Points 


ELEMENTS OF THE TOPOLOGY OF PLANE SETS OF Pornts. By M.H 
A. Newman. The University Press, Cambridge; The Macmillan 
Company, New York, N. Y., 1939. Cloth 5!/2 in., viii and 
222 pp., 93 figs., $3.50. 


ReEvIEWED By W. L. Ayres‘ 


OUGHLY topology may be defined as “rubber sheet geome- 
try.””. While this is not accurate it gives a rather clear 
conception of the nature of the subject. Each branch of geometry 
is the study of those properties invariant under a particular trans 
formation. For example, Euclidean geometry is the study of 
properties which remain unchanged under rigid motions. In 
topology the transformation in question is any single-valued con- 
tinuous one which has a single-valued continuous inverse. Such 
a transformation is called a homeomorphism and topology is the 
study of those properties of spaces which are unchanged by 
homeomorphisms. For example, a circle cuts its plane into two 
regions and one of the oldest and most famous theorems of top 
ology, the Jordan curve theorem, states that every homeomor- 
phic transform of a circle cuts its plane into exactly two regions. 
While topology is of prime importance in the various branches 
of mathematics, for the present it finds little application in any 
of the engineering sciences. Distance is not an invariant of 
topology since any figure may be “stretched” to any size by § 
homeomorphism. For this reason it does not lend itself easily 
to those sciences where measurement and rigid bodies are 0! 
first importance as engineering. At the present time it finds its 
only application to engineering in the analysis of networks i 
electrical circuit theory. 
The present book gives an account of the topology of plant 
sets and forms a carefully written introduction to the subjet 
which may be read with no previous knowledge on the part of the 


reader. The first four chapters, which comprise roughly half the q 
book, give an elegant exposition of the general theory of sets" || 


points. The last four chapters develop the plane topology usi™é 
rectangular gratings. Among other results a simple and readable 
proof of the Jordan curve theorem is given. 


This book will serve as an excellent introduction to this i 4 
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portant and fascinating subject. It is to be regretted that the 
author seems to be unaware of the important American work in 
plane topology with the exception of the Alexander Lemma. 


Hydrodynamics 


THEORETICAL Hypropynamics. By L. M. Milne-Thomson. The 
Macmillan Company, New York, N. Y., 1938. Cloth, 61/4 & 93/4 
in., xxv and 552 pp., 330 figs., 4 plates, and 508 exercises, $11.25. 


REVIEWED BY Huaua L. Drypen® 


HIS book, which is an outgrowth of the author’s lectures 

to junior naval constructors at the Royal Naval College, is 
a clear account of the mathematical theory of the motion of 
an inviscid or perfect fluid based on vector methods and nota- 
tion. A single chapter of 37 pages is devoted to viscosity. 
The book accordingly makes a good textbook for courses in 
classical fluid mechanics. Over 500 examples are provided, 
some easy, but many quite difficult. As indicated by the title, 
there is no attempt to introduce comparisons with experiment 
or to indicate fields of practical application. 

The book contains 19 chapters. The first three deal respec- 
tively with Bernoulli’s equation, properties of vectors, and 
general aspects of the equations of motion. Chapter 4 describes 
those properties of two-dimensional motion which can be treated 
without the complex variable. Chapter 5 gives an account 
of the theorems with respect to the complex variable, defined 
as a vector operator, required in the following treatment. The 
next nine chapters give a detailed discussion of two-dimensional 
motion in terms of the complex variable; the chapter headings 
are streaming motions, airfoils, sources and sinks, moving 
cylinders, theorem of Schwarz and Christoffel, jets and currents, 
the wake, rectilinear vortices, and waves. The next four chap- 
ters treat three-dimensional problems, first the application of 
conformal mapping to problems with axial symmetry, then, 
spheres and ellipsoids, solids moving through a liquid, and vortex 
motion in three dimensions. The final chapter gives the appli- 
cation of vector methods to viscous liquids. 

The experience and skill of the author as a teacher have en- 
abled him to present the subject with the detail essential to ease 
of comprehension of the mathematical development, yet with- 
out prolixity. While the language is mainly mathematical, 
the text moves along smoothly, and the physical interpretations 
are given, though often in very brief space. Thus the physical 
concept, virtual mass, is described in a single sentence on each 
of two widely separated pages. The author mentions one new 
method specifically, a method of partial differentiation with 
respect to a vector applied to obtain Kirchhoff’s equations, and 
there are other original contributions and original methods of 
presentation throughout the text. 


Strength of Materials 


FORMULAS FOR STRESS AND STRAIN. By Raymond J. Roark, Pro- 
fessor of Mechanics, University of Wisconsin. Product Develop- 
ment Series, First Edition, McGraw-Hill Book Company, Inc., 


New York, N. Y., 1938. Cloth, 6 X 9 in., ix and 326 pp., 19 tables, 
36 figs., $3. 


REVIEWED By R. E. Peterson® 


Tus book combines the sequence and general style of a 
strength-of-materials textbook and the direct usefulness 
of @ conventional handbook. It differs from the strength-of- 
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materials textbook in not giving the derivation of formulas and 
also in presenting much information not found in such a text- 
book. It differs from the handbooks in stating general prin- 
ciples, in making available the results of advanced work, in 
including literature references for all data, and in giving supple- 
mentary explanations and notes. It is obvious in looking over 
the book that it has been designed primarily to be of ready use as 
a reference; the tables are excellently arranged and all data are 
clearly and carefully presented. 

In part one definitions and symbols are given. 

In part two general statements are made concerning the be- 
havior of engineering materials under various types of loading, 
the principles used in mathematical analysis, and the main ex- 
perimental methods used for the solution of stress-distribution and 
strength problems. 

In part three 18 tables are given together with text explana- 
tions. Tables of stresses and deflections are not usually found 
for such cases as curved beams, circular rings, flat plates, pres- 
sure vessels, and bodies in contact. The tables of elastic stability 
of a wide variety of members are also of unusual value. The 
table of stress-concentration factors will be especially useful to 
the designer. Two minor suggestions occur to the reviewer in 
this connection. The term “stress-concentration factor for re- 
peated loading” can be replaced by a more accurate term which 
has recently come into use, namely “fatigue strength reduction 
factor.”” The data under 8 in Table 17 for fillets in tension are 
now obsolete and represent a considerable error. These data 
were obtained by Timoshenko and Dietz about fifteen years ago 
(among the early photoelastic tests in this country); celluloid 
models and white light were used at that time. The recent re- 
sults of advanced technique using bakelite models and mono- 
chromatic light may be considered highly accurate. Data by 
Frocht (reference 6) should be used for the foregoing case. The 
remainder of the table contains the latest data available. 

The points just mentioned are indeed quite minor when one 
considers the large amount of data presented. The reviewer and 
his associates have found the book to be useful on a number of 
occasions and can recommend it highly to engineers who need a 
ready source of information for design problems. 


Diesel Engines 


DieseL Enaines. By B. J. von Bongart. D. Van Nostrand Com- 
pany, Inc., New York, N. Y., 1938. Cloth, 6 X 9 in., xiii and 
335 pp., 346 figs., $5.50. 


REVIEWED BY C. FAYETTE TAYLOR’ 


THs book comprises a varied assortment of information on 

the modern Diesel engine. Of its 335 pages approximately 
230 are devoted to rather uncritical descriptive matter of various 
types of Diesel engines, fuel pumps, and injection nozzles. 

The theoretical portion of the book is contained in four chap- 
ters, the first of which is called ““Thermodynamics,”’ largely con- 
fined to the air cycle and to some very brief data on fuel con- 
sumption. This is followed by a brief chapter, “Combustion,” 
giving meager and scattered information on the pressure-time 
diagram and the delay period. ‘‘Fuel Oils” are treated in fifteen 
pages, mostly devoted to laboratory characteristics, with an ex- 
tremely brief consideration of ignition lag. The chapter on 
“Fuel Atomization’”’ appears to be compilations of some of the 
results obtained by the National Advisory Committee for Aero- 
nautics and by one or two German investigators. 

At the end of the book is a chapter called ‘Miscellaneous,” 
which treats of governors, cooling systems, dynamic balance, and 
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vibration, all in thirteen pages. The introductory chapter on the 
history of the Diesel engine, however, is unusually complete. 

The sources of the data presented, most of which are in the 
form of curves, are in many cases not given and in other cases 
difficult to determine. It is evident, however, that these data 
have been taken from the literature and are not the result of 
original work on the part of Mr. von Bongart. That he is some- 
what biased in favor of the Diesel engine is indicated by two alti- 
tude-performance curves, Figs. 233 and 238, both of which show 
an advantage of the Diesel engine at altitude, which is not con- 
firmed in practice or by any properly conducted tests (see 
N.A.C.A. Technical Note No. 619). These curves are extremely 
misleading and tend to shed doubt on the accuracy of other data 
in the book. Many of the other curves, unaccompanied by ade- 
quate critical analysis, tend to be difficult to understand or even 
misleading. 

It is with regret that this reviewer must state that this book 
adds nothing of significant value to existing literature on the 
subject of the Diesel engine. 


The Theory of Machines 


Tue THeory or Macuines. By Thomas Bevan. First edition, 
Longmans, Green and Company, New York, N. Y., 1939. Cloth, 
51/2 X 91/2 in., vii and 549 pp., 357 figs., $5.40. 


REVIEWED By G. B. 


OOKS on the elementary theory of machines appear fre- 
quently. This can only mean that the profession is not 
satisfied with the existing textbooks. The probable reason is 
that the subject is practically unlimited in scope and no textbook 
could cover all requirements. Even a comparatively simple 
machine presents many problems when its performance, the forces 
on its members, its vibrations, etc., are analyzed. The informa- 
tion collected by any author must be presented in a limited num- 
ber of pages; his book may therefore seem inadequate. More- 
over, writers often have their pet subjects which overshadow 
other topics, such as gear-tooth development, or unbalanced 
forces in reciprocating engines. In addition, the art has moved 
so fast during recent years that all textbooks on machine design 
appear somewhat obsolete as soon as they are printed. Any 
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new textbook on the theory of machines is therefore received with 
considerable interest. 

The book of Bevan may be called to the attention of the pro- 
fession. It was written primarily for “the student who is pre- 
paring for a university degree or who intends to sit for the mem- 
bership examination of one of the engineering institutions.” Its 
contents are therefore chosen and treated to give the student 
the necessary equipment to answer the problems given during 
these examinations. The author did a thorough job. He col- 
lected carefully the information necessary to satisfy the examiners 
and has given in the book numerous problems for exercise, with 
answers appended at the end of the volume. A large proportion 
of the problems are from the “examination papers” of various 
institutions. The problems indicate that the examiners en- 
deavored to compile fair questions which would soundly test the 
familiarity of the aspirants with the theory of machines. 

This approach has produced a volume which is no more ad- 
vanced or modern than several of our current textbooks, but 
which covers the field very completely. The derivation of ex- 
pressions is clear and precise while the material is presented in a 
concise manner. The 550 pages contain a vast store of informa- 
tion, and teachers of mechanics of machinery will be delighted to 
use this volume. 

The table of contents reads as follows: Simple mechanisms; 
motion, inertia; velocity and acceleration; mechanisms with 
lower pairs; valve diagrams and valve gears; friction; belt, 
rope, and chain drives; brakes and dynamometers; cams; 
toothed gearing; gear trains; the equilibrium of machines, turn- 
ing moment, the flywheel; governors; balancing; vibrations. 
Two thirds of the work is given to kinematics, and one third only 
to dynamics of machinery. However, dynamic balancing ma- 
chines are briefly described and their action explained. The brief 
chapter on vibration covers the oscillation of a pendulum, the 
critical speed of a shaft and the torsional vibration of two-rotor, 
and multirotor shafts. As usual, the chapter on governors deals 
mostly with the mechanics of the flyball type. 

The text is well illustrated with numerical examples which are 
carried out in detail. Numerous problems at the end of each 
chapter add greatly to the value of the book. But this volume 
does not obviate the need of a good modern textbook on the 
theory of machines, a book which would reflect the advances of 
recent years in machine design. 
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The Normal Modes of Vibrations of Beams 


Having Noncollinear Elastic and Mass Axes 


By CLYNE F. GARLAND,' BERKELEY, CALIF. 


This analysis deals with vibration characteristics of 
cantilever beams in which the longitudinal axis, passing 
through the mass centers of the elementary sections, is 
not collinear with the longitudinal axis about which the 
beam tends to twist under the influence of an applied tor- 
sional couple. Expressions are derived from which the 
natural frequencies and normal modes of vibration of 
such a beam can be determined. The Rayleigh-Ritz 
method is employed to determine the frequencies and 
amplitude ratios. Following the development of the 
general expressions, more specific equations are derived 
which express the natural frequencies and_ relative 
amplitudes of motion in each of two normal modes of 
vibration. 

The theoretical relationships of the several physical 
properties of the beam to the natural frequencies of 
vibration are shown graphically. Finally a numerical 
example is presented for a particular beam, and the com- 
puted natural frequencies and normal modes are com- 
pared with those determined experimentally. 


URING recent years, with the development of machines 
D for heavy-duty and high-speed service, there has come 

a wide interest in the many vibration problems which have 
arisen. Mechanical vibrations, with their accompaniment of in- 
creased stresses, energy losses, and noises, are apt to appear not 
only in the parts of the machine itself, but also in the structural 
members of its supporting framework. 

A thorough understanding of the relationships among the sev- 
eral factors involved in vibration phenomena has become of great 
importance to those concerned with the design of machines. To 
this end expressions for the normal modes of vibration and the 
corresponding natural frequencies have been developed for a large 
number of machine parts of simple form (1, 2).? 

The analysis here presented deals with the vibration character- 
istics of cantilever beams in which the longitudinal axis G, shown 
in Fig. 1, which passes through the mass centers of the ele- 
mentary sections Ay, is not collinear with the longitudinal axis C 
about which the beam tends to twist under the influence of an 
applied torsional couple. The axis of twist C, sometimes known 
as the “elastic axis,’’ may also be defined by the property that it 
is the only axis along which a transverse load applied to the beam 
will produce flexure without twisting. The condition of non- 
collinear axes just described is known to exist in most prismatic 
bars having nonsymmetrical sections (3, 4, 18), as well as in 
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built-up beams whose structural members are not symmetrically 
placed (5, 

When such a beam is subjected to a transverse vibratory mo- 
tion, say in the Y-Z plane shown in Fig. 1, torsional oscillations of 
the beam about the longitudinal axis are caused to be superim- 
posed upon the lateral motion. This torsional motion of any 
elementary length of the beam is due to the fact that the 
resultant of the transverse shearing forces on the section acts at 
C, and therefore tends to rotate the section about its mass center 
G. Thus, the beam is seen to behave as a coupled elastic system 
with normal modes of vibration involving simultaneous dis- 
placements in flexure and torsion. Accordingly, the natural fre- 
quencies of vibration in the several normal modes differ from the 
frequencies computed for vibration in pure flexure and pure tor- 
sion, respectively. 

In the present paper general expressions are developed from 
which the natural frequencies and normal modes of vibration of 
such a beam can be determined. These expressions are derived 
from energy considerations which, in turn, are based upon as- 
sumed normal elastic deflection curves in bending and torsion. 
The Rayleigh-Ritz method is employed to determine the fre- 
quencies and amplitude ratios. Following the development of 
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the general expressions, more specific equations are derived which 
express the natural frequencies and relative amplitudes of motion 
in each of two normal modes of vibration. These equations in- 
volve dimensionless groups, the values of which depend upon the 
various physical characteristics of the beam. The theoretical 
relationships of the several physical properties of the beam to the 
natural frequencies of vibration are also shown graphically in 
Fig. 3. Finally, a numerical example is presented for a par- 
ticular beam, and the computed natural frequencies and normal 
modes are compared with those determined experimentally. 

A first approximation to the solution of this problem was made 
by Greene and Younger (7, 8)‘ in a study of the flutter of mono- 
plane wings. In their solution the wing (i.e., beam) is treated as 
a rigid body constrained to rotate about a transverse axis at the 
built-in end and about a longitudinal axis—corresponding to 


3 The relative positions of these axes in the airplane wing is dis- 
cussed in these references. 
4A summary of the theoretical work appears in reference (8). 
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the X- and Y-axes, respectively, in Fig. 1. The elastic restoring 
moments are taken to be proportional to the angular motion 
about these respective axes. Expressions are derived for the 
natural frequencies of vibration of this idealized wing in each of 
its two normal modes. A similar treatment of the same problem 
is presented by Kassner and Fingado (9) in which they treat the 
wing as a rigid body supported on springs and left free to execute 
up-and-down vibrations without torsion, or to undergo torsional 
oscillations about any longitudinal axis. Here again the system 
has been very highly idealized in that no attempt has been made 
to take into account the elastic deformations in flexure and tor- 
sion. Many other writers (11, 12, 13, 14, 15, 16)® who have in- 
vestigated the problem of flutter in the wings and control sur- 
faces of airplanes have been primarily interested in determining 
the relationship of the structural characteristics of the wing to 
the critical air speed at which the phenomenon of flutter is in- 
duced, and devote little or no attention to the aspect of the prob- 
lem to be considered in this paper. 

It may be well to note at this point that the problem considered 
in the present paper is related to the problem of wing flutter in 
that (a) in most cases the monoplane wing is essentially a beam 
of type under consideration, and (b) when such a wing is excited 
by an air stream moving at the proper (i.e., critical) velocity it 
tends to vibrate in one of its normal modes and at the correspond- 
ing natural frequency (7, 10, 13, 14, 16).6 The problem of flutter 
is mentioned here because it has received a great amount of 
study due to the many spectacular and tragic aircraft accidents 
which have been traced to this cause. It is generally considered 
as an example of self-induced vibration (17),’ a special type of 
vibration which is not to be confused with the more common 
forced-vibration phenomenon. 

While the principles discussed in this paper are related to the 
problem of flutter to the extent outlined, it should be clearly un- 
derstood that their applications are by no means limited to that 
particular problem. Indeed determination of the natural fre- 
quencies and normal modes is essential to the solution of any vi- 
bration problem in which such a structural member is involved. 


DERIVATION OF EXPRESSIONS FOR THE NATURAL 
FREQUENCIES AND NoRMAL MopEs—GENERAL 


The free vibrations of a beam of the type shown in Fig. 1 may 
be considered to be the resultant of the three components 


z= [a + 4 ] sin Wal 
+ + + ....] sinw,t ...[1] 


where z denotes the vertical component of displacement at any 
section; @ denotes the angular displacement at any section; 2 
denotes the horizontal component of displacement at any section; 
Yi, Yo,... Yi’, Yo’, ... Yi", ... are functions of y which 
satisfy the end conditions for any particular beam; and a, ds, 
Gs, . Pty 2, Gs bi, be, are the amplitudes of the respec- 
tive functions Y,,. 

In order to reduce the complexity of the equations it will be 
assumed that the flexural rigidity of the beam in the X-Y 
plane is very much greater than that in the Y-Z plane. Thus, 
the z component of the motion may be neglected and the total 


5’ For examples see references (11, 12, 13, 14, 15, 16) inclusive. 
The work of many others is summarized in reference (14). 

6 Discussions of experiments designed to determine the relationship 
of the natural frequencies of a wing to the critical air speeds are given 
in these references. 

7 This reference gives a discussion of the general theory of self- 
induced vibrations, together with a number of examples encountered 
in the operation of machinery. 
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motion considered to be composed of the z and 6 components. 
This assumption is a reasonable one since most beams of unsym- 
metrical section are much stiffer in one plane than in the other. 

The potential energy of the beam may then be expressed as 
the sum of the energies stored in the beam due to the displace- 
ments z and @, respectively, or 


J, fy \ay 


where V is the total potential energy stored in the beam; £ is 
Young’s modulus; /:-z is the rectangular moment of inertia of 
the beam section relative to the z-axis; C is the torsional rigidity 
of the beam (3, 18);8 and 1 is the length of the beam. 

If the expressions for z and @ from Equation [1] are substituted 
into Equation [2], the expression for the potential energy becomes 


1 
t /dY,'\2 /dY,'\? 
—— | dy + — )\dy+... 
or 


V= + +...) + C + + i 


sin? w,t.. . . [2b] 


where K, denotes the flexural rigidity Q:, Qo, . . . denote 


d?Y,\2 /d2y.\2 
the integrals — dy, — dy, ... respectively; 
\Y o \ dy? 


1 
and R,, R2,... denote the integrals 


dy, ... respectively. Or still more briefly 


V= {8} sin? w, 


where 8 denotes the quantity in braces, Equations [2a] and [25] 

€ 


Fig. 2 


Applying the principle of motion of the mass center to thé 
elementary transverse section of the beam shown in Fig. } 
the kinetic energy of the element is expressed as the sum of the 
kinetic energy due to the translation of the mass center and thsi 
due to the rotation about the mass center. Thus, integratins 
over the length of the beam, the expression for the total kineti! 
energy becomes 


1 1 
2 0 0 


8 Discussions of the torsional rigidity of bars having nonsy® 
metrical sections are given in these references. 
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h 
where 
aa Se" — where T' is the total kinetic energy at the displacement z, 6; p No 
the mass density of the material of which the beam is madfMof the 
A is the cross-sectional area of the beam; 2g is the vertical diffvibrat 
placement of the mass-center G; zg is the z component of 
kinet 
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ts. velocity of the mass center; 6 is the instantaneous angular ve- 
- locity of rotation of the section; and Jg is the polar moment 
of inertia of the section with respect to the gravity axis. 
as From the geometry of Fig. 2, for small values of @ 
ce- 
2g =z+e6 (approximately)............ [4] 
2) Hence, by differentiating Equation [4] with respect to time 
E is Substituting this value of zg into Equation [3] the expression 
a of for the kinetic energy becomes 
dity 
1 Jo [', 
T=-pA (2? + + e762) dy + — |. . [3a] 
uted 2 0 A Jo 
From Equation [1], by differentiation 
z= (a,Y, + + a3Y3 + 
6 = + + + ....) 0, coset) 
aha Substituting these values into Equation [3a] 
T=- pA f + a,? dy 
2 0 0 
1 1 
2a\a2 f Y; dy | 2e Yi¥,'dy 
lenote tan Yi¥2'dy + ... + aw f 
0 0 
0 
iY,'\! Je 
2 2 2 
1 
Collecting terms, and denoting Y,%dy by Si, i y," by 
nd (2b) 1 
by by Sy,..., Equation [3)] 
becomes 
1 
T= 2 + + ..... 2a;a2Si-2 + ...) 
+ + aigeSi-2 + ...... + + 
J 
Fig. 2 
n of the 2 , 2 2 
and that + +...) COS w,t. . [3c] 


1 kineti or, more briefly 


1 
T la} [3d] 


“a a represents the quantity within the braces in Equation 
Now that the expressions for the kinetic and potential energies 
of the beam have been determined, the natural frequencies of 
ibration may be evaluated by applying the Rayleigh-Ritz 
mt of Mimethod. Equating the maximum values of the potential and 
inetic energies, as obtained from Equations [2c] and [3d], re- 
spectively, and solving for the frequency 
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The expressions for both 8 and a involve the coefficients a, 
and ¢1, ¢2, .. . , Which define the assumed elastic deflection 
curves. Therefore, the values of w, obtained from Equation [7] 
depend upon the assumed curves. By Rayleigh’s principle, if the 
assumed elastic curve is not the exact one, the lowest computed 
value of natural frequency will be higher than the true fundamen- 
tal frequency of the beam. Or, to state it a little differently, if 
several elastic curves are assumed in succession, the one yielding 
the lowest value of frequency is nearest correct. In order to ob- 
tain the closest approximation possible, the coefficients ai, a2, ..., 
and ¢), ¢2, ... must be so chosen that the fundamental frequency 
computed from Equation [7] will be a minimum. This value of 
w,? may be found by equating to zero the partial derivative of 


8/a with respect to each of the coefficients q;, a2,..., and ¢), 
..., respectively. Thus 
a8 da ) 
0a; Oa; 
fa) 
wit 
0a 
op oa 
O¢e 
} 


From Equation [7] it is noted that 8 = w,?a. Hence Equation 
[8] may be written in the form 


— —w,? — =0 

Oa,” 

2 

0 

aB da 

— —w,?— =0 

de” On 


These equations are seen to be homogeneous and linear in the 
coefficients @2, ... ¢i, ..., and are equal in number to 
the number of coefficients. By setting the determinant of these 
equations equal to zero, eliminating the coefficients, and expand- 
ing, the frequency equation may be obtained. The frequency 
equation yields the values of the natural frequencies in the several 
normal modes. 

The amplitude ratios a2/a, . . . ¢:/a1, ¢2/a1, . . . , Which deter- 
mine the configuration of the beam in each of the normal modes, 
can then be evaluated by substituting the respective values of w, 
into Equations [9]. 


DERIVATION OF FREQUENCY EQuATION FoR Two NorMAL 
Mopes 


To illustrate the process outlined, a frequency equation yield- 
ing two natural frequencies will now be derived. As a first ap- 
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proximation the instantaneous displacement of the beam may be 
expressed by the components 

z = sin a,t 

6 = sin w,t 

z=0 


where Y;,’ is a function of y which satisfies the end conditions 
for flexure and Y,’ satisfies the end conditions for torsion. 
From Equation [26] 


B = K,a,°Q, + Ce*h 


and from Equation [3c] 
a = pA[aS; + 2eagSi-y + + [12] 


Taking partial derivatives with respect to a, and ¢;, respectively, 
and denoting Si-;’/S; by 7, and S,/S, by y, the following ex- 
pressions are obtained 
op 
oa; 
op 


= 2K,Qia 


= 2CRigi 


oa 
0a, 


fe) J 
= 2pAS, + + va | 


= 2pAS,[a; + 


Substituting these terms into Equation [9] and rearranging into 
determinant form 


2[K,Q: — pAS,w,,? Ja, — 2[pASinew,,? ]¢1 


J 
2 en, — pASiy (. + 


=0....[14] 


_ 2[pA Sinew,,” Ja, 


Dividing the first column by 2pAS,q, and the second column by 
2pASi¢i, the determinant is reduced to the form 


— new,,* 


J 


At this point it may be noted that the quantity | 


=0....[15] 


pAS, 

is the familiar expression for the natural frequency of flexural 
vibration for a uniform beam. This quantity is therefore the 
natural frequency of the beam under consideration for the par- 
ticular case in which e is zero. For convenience the natural fre- 
quency for this particular case (e = 0) may be denoted by the 
symbol wo. Then, with the view to express the natural frequencies 
as dimensionless ratios, the relationship 


may be substituted into Equation [15] and each term of the 
equation divided by uw ?. After this operation is performed and 
the determinant is expanded into linear form, simplified, and re- 
arranged, the following quadratic equation is obtained 
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Introducing the additional dimensionless quantities 


We 


and dividing by A 


, Equation [17] is further simplified to the 
form 


This is the frequency equation and its two roots are 


ater 
wo? +4] 

2 ate 


The physical significance of the terms \ and « may now be con- 
sidered. Referring to Equation [18] it is seen that, of the terms 
on the right-hand side, the quantities C, A, and Jg are independ- 
ent of the length of the beam. From the definitions stated fol- 
lowing Equations [2b] and [3b], Q: is seen to vary inversely with 
18, R; inversely with 1, and S,’ (i.e., yS;) directly with 1. Hence 
\ varies with /?, and may therefore be appropriately called the 
length modulus. Referring to Equation [19], the term e¢, on the 
other hand, is seen to be entirely independent of the length and 
to vary with the square of e, the distance between the gravity 
axis and the elastic axis of the beam. Since e serves as a measure 
of the relative positions of the two axes, for lack of a more ap 
propriate term, it will be referred to as the eccentricity modulus. 


. [22] 


DIscussION OF THE FREQUENCY DIAGRAM 


Fig. 3 shows the relationship of the moduli wa/wo, ¢, and for 
a limited range of ¢, six selected values of A, and the particular 
value of 2/7 = 0.925.® Each of the curves illustrates the 
variation of the natural frequencies with e for a particular value 
of \, as defined by Equations [21] and [22]. For positive values 
of « any given ordinate is seen to intersect each of the \ curves 
in two points. The values of w,,/wo at these two points of inter 
section determine the natural frequencies of the two normal 
modes. 


® The value of n?/y depends upon the functions Y¥; and Y;’ which 
are chosen to express the elastic curves of the beam in flexure and tor 
sion. The value used here (0.925) is taken from the numerical exal- 
ple presented later. A consideration of functions other than thos 
used in the example indicates that the value of ?/y is quite close © 
0.925, regardless of the functions chosen. 
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The dashed portions of the curves, to the left of the origin, 
have no physical significance. This may be concluded from the 
fact that, in any actual beam, the quantities e*, A, and Jg must 
be real and positive. Hence a value of «, as computed from 
Equation [19], can never be negative. 

Inspection of the diagram also indicates that, for any given 
length modulus \, the two natural frequencies become farther 
and farther apart as the eccentricity increases. Also, for a given 
amount of eccentricity, the difference between the two frequencies 
increases slightly with increasing values of 4. 

It will be noted also that each of the curves passes through the 
point w,/wo = 1.0, ¢€ = 0. This is explained by the fact that in 
the actual beam, if e = 0, one of the normal modes of vibration 
is that of pure flexure, and the corresponding natural frequency 
is w. Therefore, this common point of intersection of the \ 
curves represents the frequency of the purely flexural vibrations 
which prevail in one of the normal modes when e = 0. 

The other intersections (marked pio, ps, etc.) of the curves 
with the frequency axis have an interesting significance. Our 
knowledge of the fact that when e = 0 the normal modes of vibra- 
tion of the beam are those of pure flexure and pure torsion, coupled 
with the fact that w,/wo = 1.0, ¢ = 0, represents the flexural mode, 
suggests that these points p may represent the frequency of the 
purely torsional mode of vibration for the casee = 0. Indeed 
such may be demonstrated to be the case. 

First it will be noted that when « = 0 is substituted into 
Equations [21] and [22], the two values of w,,/wo become 1.0 and 
vA, respectively. Next, the expression for the natural frequency 
of the purely torsional mode of vibration may be determined by 
‘quating the maximum values of potential energy and kinetic 
tnergy for the @ component of motion. From Equation [2b] the 
maximum potential energy in the twisted beam is found to be 


From Equation [3c] the maximum kinetic energy of rotation is 


1 


Equating Vmax to Tmax, substituting yS, for S,, and solving for 
the frequency, there results the expression 


where the subscript T is used to denote the torsional mode. 

To put Equation [25] into dimensionless form, the left-hand 
side may be divided by wo’, and the right-hand side by its equiva- 
lent, as defined in Equation [16]. Thus 


wrt CR, CRA 


= = 
But, referring to Equation [18], it is seen that the last quantity 


in Equation [26] is equal to \. Hence, the torsional frequency 
is given by the expression 


It has been shown already that the values of the ordinates at the 
points p shown in Fig. 3 are equal to \’/*. Therefore, it is con- 
cluded that at these points the frequencies are those of the 
torsional mode of vibration of the beam when e = 0. 

Thus the diagram indicates the ratios of the true natural fre- 
quencies (for e # 0) to the frequencies in both flexure and torsion 
when e = 0. From these ratios an estimate can be made 
of the accuracy to be expected of frequency computations in 
which the effect of e is neglected. Consider, for example, a beam 
in which X = 2 ande = 2. From Fig. 3 it is seen that the true 
natural frequency w, is about two thirds the value computed 
for purely flexural vibrations, and the second natural frequency, 
w:, is about one and one half times that computed for the case of 
pure torsional vibrations. Thus, it is seen that computations 
of critical frequencies of such a beam, in which the effect of the 
eccentricity e is neglected, are apt to lead to quite erroneous results. 

Still another interesting characteristic of the system is indi- 
cated by the relative positions of the points p for the several 
values of \. For values of \ greater than unity the points p lie 
above the value w,/wo = 1.0, whereas for value of ) less than unity 
the corresponding points lie below the value w,/w. = 1.0. The 
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interpretation of this is simply that when ) is greater than unity 
the critical frequency for the torsional mode of vibration is 
greater than that for the flexural mode, and conversely, when \ 
is less than unity the critical frequency in torsion is less than that 
in flexure. It is interesting to note also that, for the borderline 
case (i.e., for \ = 1.0), the natural frequencies in the flexural and 
torsional modes are equal. 


REMARKS ON THE ACCURACY OF THE METHOD 


Before terminating the discussion of the frequency curves in 
Fig. 3 it would seem desirable to say a word about the accuracy 
of the equation which they represent. It will be recalled by refer- 
ring to Equation [10] that each of the assumed elastic curves was 
expressed as a single function of y. It is recognized that by using 
additional terms in the expressions for z and 8, it is possible to de- 
termine the lower frequencies with greater accuracy, and at the 
same time obtain approximate values of frequency for modes of 
higher order. For example, if two terms are used in each of the 
expressions for the elastic curves, the resulting frequency equa- 
tion is a biquadratic from which four values of frequency can be 
found. 

An estimate of the accuracy of the method may be gained by 
comparing the results which it gives with those obtained by 
exact solutions, for cases in which the latter are known. In ap- 
plying the method to the determination of the natural frequencies 
of a vibrating string, Timoshenko (1) demonstrates that when 
‘only one term is used to express the assumed elastic curve, the 
computed value for the fundamental frequency differs from 
the exact value by 0.66 per cent. By using two terms the error in 

‘ the computed fundamental frequency is reduced to 0.001 per cent. 
Again, by using three terms, the frequency of the third mode of 
vibration is computed with an error of less than 0.5 per cent. In 

‘another example—the case of a vibrating wedge of constant 
width, with the thick end built in and the other end free— 
Timoshenko (1) demonstrates that the error in the computed 
value of the fundamental frequency is about 3 per cent when 

- only one term is used to express the elastic curve, and less than 
0.1 per cent when two terms are used. 

Thus it is seen that the method gives very satisfactory results, 
even when only a few terms are used. This statement is sub- 
stantiated further by the agreement between the computed and 
measured frequencies found in the numerical example to follow. 
Since it is usually the fundamental or, in some instances, the 

second mode of vibration which is apt to give rise to trouble in 
the practical case, it is seldom necessary to use more than one 
term or, at most, two terms in each of the expressions for the elas- 
tic curves. Moreover, it should be recognized that when a larger 
number of terms is used, the extra labor of computation may not 

be worth the increased accuracy to be gained. 


Tue Norma Mopss oF VIBRATION 


The natural frequencies of vibration of the beam having been 
determined, the corresponding normal modes may now be con- 
sidered. By a ‘‘normal mode” (19) is meant a motion of the 
beam in which every particle executes simple harmonic motion 
and moves in phase with every other particle. Thus, all particles 
reach their extreme positions simultaneously and attain their 
‘maximum velocities (at their respective positions of rest) simul- 
“taneously. Such modes of motion are expressed in Equation [1] 
‘and are determined by the relative values of the amplitudes 
Qi, G2, ... i, ¢2,... The absolute amplitudes are of course 
arbitrary since they depend upon the initial displacement of the 
beam. 


10 A discussion of normal modes of vibration is given in reference 
(19), pp. 153 and 328. 
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As stated previously, the relative amplitudes of the assumed 
elastic curves can be determined from Equation [14] by first 
substituting for w, the values of natural frequency obtained from 
the frequency equation. Thus the amplitude ratios are found to 
be 


_ K,Q: — pASw,? 
a npAS\ew,? 


Dividing both the numerator and the denominator of the right- 
hand side by pAS,, and substituting Equation [16], Equation 
[28] becomes 


When both sides of Equation [29] are multiplied by ne, the follow- 
ing dimensionless equation is obtained 
_ 1 — 
ay (w,?/wo*) 


Equation [380] yields two values of the amplitude ratio—one 
for each of the values of w,/wo. It will be recalled by referring to 
Fig. 3 that the lower value of w,,/wo lies between zero and 1.0, 
while the higher value is greater than 1.0. Thus, for the first 
mode, w,?/wo? <1.0, and from Equation [30], neg:/a: >0. Simi- 
larly, for the second mode, w,?/wo? >1.0, and from Equation [30], 
—1.0 <neg:/a;<0. 


First Move 


Fia. 4 


Fig. 5 Seconp 


The relative positions of the elastic axis C, and the mass aX 
G, at any given section of the beam, are illustrated in Figs. 4 and 
5 for the first and second modes of vibration, respectively. In 
the first mode the nodal point at a given section lies at 0,, in Fis 
4, to the left of C. The motion of the beam at this section ® 
therefore a harmonic oscillation about 0;. Similarly, in the seco! 
mode any given section of the beam oscillates about 02 in Fig. 
Since z and 0 increase from zero at y = 0, to a, and gy, respective 
at y = l, according to the shapes of the assumed elastic curvé 
in flexure and torsion, the lines passing through all the poit 
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0, and all of the points 02, respectively, for the consecutive beam 
sections, form curves in the X, Y plane. Each of these curves in- 
tersects the elastic axis of the beam at the fixed end. 


EXPERIMENTAL WorK 


A beam of the type shown in Fig. 1 was made by forming a 
strip of 24-gage cold-rolled steel into a channel with '/:-in. web 
and l-in. flanges. One end of this channel was then cast into a 
base and mounted upon a vertical sliding head as shown in 
Fig. 6. 


Fig. 6 ExperiIMENTAL APPARATUS 


Fic. 7 Loapina FRAME 


At the free end of the beam known loads were applied at vari- 
0w distances from the longitudinal axis by means of the load- 
ig device shown in Fig. 7. Lateral and torsional deflections of 
the beam were measured for various loads placed at several posi- 
tions and from these data were determined the flexural rigidity 
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Fie. 8 First Mops, 710 


Fic. 9 Seconp Mone, 2600 
VIBRATIONS PER MIN 


VIBRATIONS PER MIN 


EI,_,, the torsional rigidity C, and the location of the axis of 
twist. These values are used in the numerical solution which 
follows. 

The base (i.e., the fixed end) of the beam was then caused to 
vibrate with small amplitude (0.018 in.) along the vertical axis 
by means of the driving mechanism shown in Fig. 6. The fre- 
quency of vibration was varied over a wide range and the resonant 
frequencies noted.: A stroboscope was used to measure the fre- 
quency of vibration and also to study the nature of the motion. 
Marked resonant vibrations were found to occur at frequencies 
of 710 and 2600 vibrations per minute. 

Figs. 8 and 9 are the results of time exposures which were 
made while the beam was vibrating in the steady state at the 
first and second resonant speeds, respectively. These illustra- 
tions show the configurations of the free end of the beam in the 
two modes. 

A comparison of Figs. 8 and 9 with Figs. 4 and 5, respectively, 
indicates excellent agreement of predicted and observed normal 
modes. Furthermore, as will be shown by the numerical compu- 
tations to follow, the computed natural frequencies agree quite 
satisfactorily with the resonant frequencies obtained by experi- 
ment. 


NUMERICAL EXAMPLE 


The results of the numerical solution for the two natural fre- 
quencies of the beam just described are presented in the follow- 


- —\n--x 
alex, 
e 


Fic. 10 


ing summary. The frequencies are computed from Equations 
[21] and [22]. The physical constants of the beam (a cross sec- 
tion is shown in Fig. 10) are 


4 
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l = 40 in. x, = 0.45 in. (measured) 
t = 0.025 in. Z, = 0.41 in. (computed) 
A = 0.0625 in.? e = 0.86 in. 
= 0.000818 lb sec*/in.4 = 4.49 
I,-, = 0.00379 in.‘ C = 302 in-lb/radian/in. 
= 0.00651 K, = 116,300 lb-in.? 
= 0.0103 in.‘ 


As a first approximation the shape of the elastic curve of the 
beam in flexure will be expressed by 


28 wy 1 


This function satisfies the end conditions of the beam since, at 
y = 0, Y: = Oand dY,/dy = 0; and at y = l, d*Y,/dy? = 0 and 
d*Y,/dy® = 0. 

The elastic curve in torsion will be expressed by 


This function is seen to satisfy the end conditions since at y = 0, 
yi’ = Oand dY,'/dy is finite; and at y = 1, dY¥;'/dy = 0. 

These values of Y; and Y;’ yield the following terms for use in 
the frequency equation 


S, = Yitdy = 0.2711 
0 
3.376 


= Yi¥,'dy = 0.35381 
0 


l 
‘(= - 


2 = — = 1.305 
1 
Sy 
=— 
845 
2 
= 0.925 
By Equation [18] 
CRiA 
AX = —— = 3.12I? = 5.0 
KQivJ¢ 
and by Equation [16] 
K,Q: 2.82 X 10% 
wo? 
pAS, 
wo = ae = 105 radians per sec 


No = wo X e = 1003 vibrations per min 
us 


Substituting these values into Equations [21] and [22], the fre- 
quency ratios are found to be 
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2 
(*) = 0.51 « 
Wo WO 


2 
= 7.36 271 
wo Wo 


Multiplying these values by the value of No, the computed 
natural frequencies of the beam are 


N, = 0.71 X 1003 = 712 vibrations per min 


and Nz = 2.71 X 1003 = 2720 vibrations per min 


A comparison of these computed values with the resonant 
frequencies (710 and 2600 vibrations per min) indicates that the 
derived frequency equation gives quite satisfactory results. The 
computed and observed values agree almost exactly for the first 
mode, and differ by less than 5 per cent for the second mode. 


SUMMARY AND CONCLUSIONS 


The normal modes of vibration of the particular type of beam 
under consideration have been shown to consist of simultaneous 
vibrations in flexure and torsion. Each of these normal modes js 
characterized by a particular natural frequency and by a definite 
configuration of the beam. These normal modes are expressed 
in general form by Equation [1]. 

Equations [21], [22], and [30] express the natural frequencies 
and the corresponding amplitude ratios in terms of suitable 
physical constants of the beam, for the first and second normal 
modes of vibration. Although it is recognized that it is most fre- 
quently one or the other of these two modes which underlies 
vibration problems, the method of extending the solution to in- 
clude the higher modes of vibration has been indicated. 

The effect of the eccentricity, i.e., the displacement of the 
mass axis from the elastic axis, upon the natural frequencies of 
the beam is illustrated in Fig. 3. From this figure it is seen that 
the fundamental frequency becomes greater and the frequency 
in the second mode becomes less as the amount of the eccentricity 
is increased. 

From a study of Fig. 3 it is also concluded that if values for the 
frequencies in the purely flexural and purely torsional modes of 
vibration are computed on the assumption that the effect of the 
eccentricity is negligible, the lower of these two computed values 
will be somewhat higher than the true fundamental frequency of 
the beam, and the higher of the computed values will be some- 
what lower than the true natural frequency in the second mode. 
The error in the computed values which is introduced by such an 
assumption is apt to be quite large—as much as 50 per cent in the 
case cited. Therefore, it would seem advisable always to take the 
eccentricity into account in computing the natural frequencies of 
machine parts or structural members of the type treated in this 
analysis. 

The excellent agreement of the natural frequencies and normal 
modes of vibration, as computed from the theoretical equations, 
with the values determined experimentally indicates that the 
frequency equation can be expected to yield quite satisfactory 
results for the two modes considered. 

The frequency diagram in Fig. 3 may be used to evaluate the 
first two natural frequencies of a beam for which the values of 
€, A, and wo have been computed. 

The method used in this analysis takes into account the elastic 
deformations of the beam in flexure and in torsion, and therefore 
yields closer approximations to the correct values of the natural 
frequencies and amplitude ratios than those obtained by treating 
the beam as a rigid body. Any desired degree of accuracy can be 
attained by using a sufficient number of terms in the expression 


Book C 
3 ‘ 
Book C 
4 ‘ 
trand C 
5 
McGrav 
6 ae 
Isaac Pi 
7 ae 
cussion 
Corps 
Materia 
8 
Younger 
9 


proble 
we 
By 
Agee 
| 


the 
3 of 


istic 
fore 
ural 
ting 
n be 


‘ions 


GARLAND—VIBRATIONS OF BEAMS WITH 


for the elastic deformation curves. However, for most practical 
problems, satisfactory values may be obtained by using only one 
or two terms to express each of the elastic curves. 

By choosing the functions Y2,... Yi’, . . . in Equation 
{1] to satisfy the end conditions, the method can be applied to 
a beam with any type of support or any load distribution. 
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Strengthening Cylindrical Tanks of Variable 
Thickness Under External Pressure by 
Circular Stiffening Rings 


By C. B. BIEZENO! anv J. J. KOCH,? DELFT, NETHERLANDS 


In a previous paper! the authors discussed the buckling 
of a cylindrical tank of variable thickness under external 
pressure, and they developed a method by which the fac- 
tor of safety against buckling was derived in numerical 
terms. 

This present paper deals with the strengthening of a 
tank whose factor of safety is insufficient. Obviously, 
great help may be expected from one or two stiffening cir- 
cular rings, adjusted in the upper part of the tank, where 
the thickness of the shell is small. The authors show how 
to calculate such rings. 


HE strengthening against buckling of a cylindrical tank of 
variable thickness under external pressure by circular 
stiffening rings cannot be understood unless one has at his 
disposal the method previously developed by the authors.’ The 
method is also discussed at great length in ‘Technische Dy- 
namik.’’* 

It is outlined briefly under the following subhead. 


1—TuHE DIFFERENTIAL EQUATIONS OF THE BUCKLING PROBLEM 
oF a CYLINDER OF CansTANT THICKNEss h, SUBJECTED TO THE 
RapIAL PRESSURE q 


If a be the radius of the middle surface of the cylinder, / its 
height, ¢ and z the azimuthal and axial coordinates of one of its 
points, u, v, w the radial, tangential, and axial displacements of 
this point, and q represents the radial pressure per unit surface, 
then with the abbreviations 


ov ) 
a— =w;a— — =w’; — =u; — =0; | 
oz oz Oz | 
ow 1 Ehs Eh 
—=w; A = ———; B= 
m 12(1 — »?) .1— 

A 

aB 12a? 


the differential equations of the problem may be written as 
follows 


! Professor of Applied Mechanics, University of Delft. 

2 Lector in Applied Mechanics, University of Delft. 

3**The Buckling of a Cylindrical Tank of Variable Thickness 
Under External Pressure,’’ by C. B. Biezeno and J. J. Koch, Proceed- 
ings of the Fifth International Congress of Applied Mechanics, 
John Wiley & Sons, Inc., New York, N. Y., 1939, pp. 34-49. 

4“Technische Dynamik,” by C. B. Biezeno and R. Grammel, 
Julius Springer, Berlin, Germany, 1939, pp. 604-620. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1940, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Restricting ourselves to the special case for which the radial and 
tangential displacements at the edges (z = 0 and z = J) of the 
cylinder are equal to zero, we may put 


U cos pe sin X(z/a) | 


u= 
v = V sin pysin X(2/a) > ............ 
w = W cos p¢ cos X(z/a) | 


where p is a positive integer, \ = nzx(a/l); nis a positive integer, 
and U, V, and W are constants. Under the condition of loading 
prevailing in actual practice, and considering that a is very great 
with respect to h and of the same order as l, it may be expected 
that, at the moment of buckling, the number of circumferential 
waves is great with respect to the number of longitudinal waves, 
so that \?/p? < 1. 

By this remark it is possible to compare the order of magnitude 
of the different terms in Equation [2], and it can be shown thst 
these equations reduce themselves, as far as u is concerned, to 


1 — p? 


2—Tue DirrerReNTIAL Equations OF THE BUCKLING PROBLEM 
oF A Burtt Up or A NuMBER OF CYLINDERS 
Constant THICKNEss h 
If a tank is built up of a number of cylinders each of constant 
thickness, Equations [3] can no longer be used because they 
not satisfy the boundary conditions laid upon the differen 
cylinders. Therefore we put now 


u = U cos pe | 
v = V sin pe 


w = W cos pe 
where p is a positive integer, and U, V, W represent unkno¥ 
functions of z, which for different rings are different and whi 
replace the expressions U sin \(z/a), V sin (z/a), W cos X24 
(U, V, W are constant in Equations [3]). Reasoning, similar ' 
that from section 1, now leads to 
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As a matter of fact it is impossible to satisfy all boundary condi- 
tions imposed on the tank problem, now that the system given 
by Equations [2] has been reduced to a system of n differential 
equations of the type [6]. Therefore it has to be investigated 
which of these conditions can be maintained, which of them must 
be neglected, and eventually which of them must be softened. 

Without proof we state that our buckling problem is as follows: 

Calculate the minimum value of q (or q:) which allows a solu- 
tion different from U = 0 of the differential equations 


pe(kip? — Gi) 


+ 1 — »? 


wheret = 1,2...... n, and n represents the number of cylinders 
with constant thickness under the following conditions: 

U, = 0; U,’’ = 0 ) 
at the upper rim of the top cylinder 

U, = 0; =0 
at the lower rim of the bottom cylinder (8) 
Uy = U;' = = 

S,U,'" = (i = I, 2...2— 1) 


at every joint of two consecutive rings, with 


= Eh; 


3—TueE SusstTiTuTe Bar 


The foregoing formulation of our problem suggests its identi- 
fication with the problem of an elastically supported bar com- 
posed of n segments. If the flexural rigidity of such a segment 
per unit of width be denoted by S; (¢ = 1, 2...n), its coefficient 
of elastical support per unit of width by «x; (¢ = 1, 2...n), its 
load per unit of length by r; (¢ = 1, 2...n), and its deflection by 
y,(i = 1, 2...) then its differential equation runs 


that, by putting r; = 0 and noticing that a(dU/dz) = U’ 
Equations [7] and [10] can be identified by requiring S; = 
— qui) 


and x; = 8; 1 2 


Itcan be proved that the value of the factor of proportionality s; 
amounts to 


Eh; 
8; = 
a%p! 
that 
S; = | 
(11] 
Eh,'p* p? 
1211—v»)a* a 


The boundary conditions of Equations [8] for the quantities 
U; translate themselves into homogeneous conditions for the 
quantities y;, if only S,; and U; be replaced by S; and y;. There- 
ore the buckling problem of the tank can finally be identified 
vith the following bar problem: 

A bar of unit width fixedly supported (but not clamped) at its 
fads consists of n segments of the length J; (¢ = 1, 2...n) each 
. which has its own flexural rigidity and its own coefficient of 
“astic support «; given by Equations [11]. If p be restricted to 
sitive integer numbers, the minimum value of q is required, for 


which an equilibrium deflection, different from zero, is possible 
under the sole action of the elastic support. 


4—Tue Buck ina CRITERION 


From now we restrict ourselves to the case that the tank con- 
sists of four cylinders of constant thickness. Consequently the 
substitute bar consists of four parts I, II, III, IV, such as repre- 
sented in Fig. 1, each having its own coefficient of flexural rigidity, 


2 3 


1 x 


Ir 
Fie. 1 


A. 


w 


and its own coefficient « of elastic support. (The segment I of 
the bar represents the top cylinder of the tank, while the segment 
IV represents the bottom cylinder.) As the thickness of the 
tank increases from top to bottom, it is clear that the coefficient « 
of elastic support of the different bar segments increases from 
left to right if p and q have fixed (but for the rest arbitrary) values, 
and it is to be expected that « changes from a negative value for 
bar I into a positive one for bar IV. It cannot be predicted how 
many of the left-hand bars will have a negative x; therefore a 
plausible assumption (which has to be checked a posteriori) must 
be made in every special case. It will be supposed that « and 
xi are negative and «i and «rv positive. Instead of tackling the 
buckling problem in a direct way, an indirect method is followed 
by calculating the forces P;, P2, Ps, which have to be applied at 
the joints 1, 2, 3 of the bars I and II, IT and ITI, III and IV if in 
those same points prescribed deflections y;, y2, ys have to be pro- 
duced. 

Formally the equations relating Pi, P2, Ps to y:, y2, ys may be 
written in the form 


Py = any: + + aisys | 
Ps = + + 


where the a;; represent the so-called “inverse Maxwell numbers.” 
The mechanical! significance of these numbers follows from 
Equations [12] themselves. Put y2 = 1, y. = ys = 0; then 


P, = ayn P: = an Ps = ay 


Therefore a2, @22, a3: represent those forces which have to be ap- 
plied in the points 7 (¢ = 1, 2, 3) if a forced deflection y,; of unit 
magnitude at the point 7 = 2 and a deflection y; = 0 at all other 
points j ~ 2 is prescribed. 

It can be easily proved that the “inverse”? Maxwell numbers are 
“reciprocal” like the Maxwell numbers themselves, i.e., a;; = a;;. 
Several problems can be treated in a natural way by the use of 
such numbers.® 

As buckling of the tank requires bending of the bar not sub- 
jected to external forces, buckling only occurs if the right-hand 
sides of Equations [12] prove to be zero, i.e., if 


Anyi + + aisys = 0 


Anyi + As2Y2 + Assys = 0 
Therefore the condition of buckling is expressed by 
an ay 
a3) a32 a33 


For any chosen value of p this transcendental equation in g has 
an infinity of roots q), the smallest of which may be designated 


5 “Technische Dynamik,” by C. B. Biezeno and R. Grammel, 
Julius Springer, Berlin, Germany, 1939, p. 95. 
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by @ min. The smallest value of all possible ¢g®min (p = 1, 
2, ...) represents the smallest buckling pressure of the tank. 

How the coefficients a,;, in Equations [13] can be calculated in 
a practical way, and how the smallest root q)min of Equation 
{14] can be determined, has been described in the previous 
article.* 


5—Tue STRENGTHENING EFFect oF CrrcuLar RINGs 


A new question arises when for a prescribed value of the ex- 
ternal pressure gq the coefficient of safety s against buckling proves 
to be insufficient. Then it may be asked whether this coefficient 
can be improved by providing the tank with one or two stiffening 
circular rings fitted in the upper (thinnest) cylinder of the tank, 
for instance, at its lower rim and at half of its height. 


3, 4, 


Fig. 2 


pas 


It is easily seen from Fig. 2 that in our bar model such rings 
are translated by two external forces P; and P; at the points 1 and 
2, which are proportional to the local deflections y; and y., so that 


P, = — wy and = — {15] 


where 4; and yz: are essentially positive quantities. Defining in- 
verse Maxwell numbers }; ; for the points 1, 2, 3, 4 as described in 
the preceding paragraph, and supposing y:, y2, ys, ys to be the 
local deflections at the points 1, 2, 3, 4 of the deflected bar, then 
it is clear that the following equations hold 


Py = — wm = buys + + Oisys + 
Pz = — = + + desys + 
0 = + dseye + dssys + 
0 = bays: + diye + dasys + days 


having a solution (different from y; = y2 = ys = ys = 0) only if 
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bu + mw bis bis bis 
bar bee + bas bul _ 0 7 
ba be by bu 


Remembering that (different from the problem treated in the 
sections 1 to 4, inclusive) the buckling pressure q now has a pre- 
scribed value, Equation [17] defines a relation between «4; and 
uz for every set of values p and q. 

If we wish that the tank be strengthened only by one ring we 
put «: or w, = 0; then Equation [17] represents (for every p and 
q) alinear equation. If, on the other hand, we wish to strengthen 
it by two rings with equal coefficients of elastical support, we put 
wi = we = pw and find a quadratic equation for », which must 
supply at least one positive root; only then will its solution have 
any practical significance for our problem. If two positive roots 
exist, the greater of them has to be used for the calculation of the 
rings. As a matter of fact Equation [17] has to be solved for a 
series of values of p. Every solution gives rise to a value x, 
with every u, corresponds a value /(,) of the required moment of 
inertia J of the rings; the greatest of all is determinative. 

Finally to derive /(») from ui») We use the well-known fact that 
a radial load system 


= COS py 

acting on a ring produces a similar radial displacement y given by 

qoa* 

col 

(p? — 

From Equations [18] and [19] it follows 
(p? — 


a‘ 


y= 


Consequently 
(p? — 1)*EI(») 
4 


Mp = 
a 
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The author points out that the equation which appears 
to define flow through granular media is essentially identi- 
cal to the equation for flow through pipes, but the expres- 
sion is not useful to determine resistance to flow through 
granular media unless some of the variables are modified. 
The author discusses these variables and sets up formulas 
to determine the resistance to flow through granular 
media. He gives experimental results which show close 
agreement between calculated and observed values. 


HE equation which appears to define flow through granular 

media is essentially identical to the equation for flow 

through pipes, although the flow phenomena are not similar 
in all respects. The equation in convenient form is 


resistance head 

length 

a coefficient 

acceleration due to gravity 

viscosity 

density of fluid (mass per unit volume) 

average velocity; rate of discharge per unit of 
cross-sectional area 

characteristic diameter of flow channel 

an exponent ranging in value from 1.0 for laminar 
flow to 2.0 for turbulent flow 


(1] 


= 
> 
= 
3 
> 


In its present form Equation [1] cannot be considered a useful 
expression of the resistance to flow through granular media, and 
certain modifications in the form of some of the variables are 
necessary. In particular the usyal concept of diameter and 
velocity, with respect to flow in pipes, is inadequate to represent 
the conditions of flow through granular media. 

A brief analysis of the open structure within granular media, 
which forms the complex network of flow channels, will readily 
disclose the fact that no useful direct physical measurement of 
individual channels can be made, and that such measurement must 
be obtained from a consideration of the flow system as a whole. 
Furthermore, it appears evident that the measurement which char- 
acterizes the size of the flow channels will depend, largely, upon 
the size of the adjacent solid particles, and upon the degree to 
which they are packed. It is essential, therefore, that we carefully 
consider these factors, as well as the channel velocity, for in them 
lies the crux of the whole problem of flow through granular media. 
To permit a lucid discussion of the three important vari- 
ables, certain familiar terms are introduced as follows: 


@ = porosity, or volume of voids divided by total or bulk 
volume 
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a, = 
0 = 


gross or bulk cross-sectional area 
cross-sectional area of pcres in granular media 

average bulk velocity or rate of discharge per unit of 
gross or bulk cross-sectional area; this corresponds to 
the velocity of approach in an open portion of a tube 
containing granular media 

v, = average velocity within the pores or voids in the direc- 
tion of generalized travel 

representative linear dimension of solid particles 


d, = characteristic size of pores or flow channels 


VELOCITY 


In the past, critical investigations of the permeability of 
granular beds have, in general, brought forth identical conclusions 
on at least one important point, namely, the relation between void 
velocity v, and the bulk or approach velocity v. The relation 


v 
is given by the expression v, = -. Following an apparently new 
a 


approach to the problem, Bakhmeteff and Feodoroff (1)? do not 
support this general opinion on the grounds that the foregoing 
expression is dimensionally unsound. They submit in its place 
the exponential form v, = »/a’/*, This expression is derived from 
their relation a, = aa’/*, which is founded upon the assumption 
that porosity is a volumetric parameter and that its normal 
exponent 1.0 must be dimensionally consistent with the rest of 
the equation. For a homogeneous medium, however, the ratio 
of open area to gross area is the same for every cross section, or 


a, length 
a length 


a= 


Therefore, porosity is not necessarily a volumetric parameter, 
and the author believes that the relation given by Bakhmeteff 
and Feodoroff (1) is incorrect as indicated in a discussion (2) 
of their paper. 


DIAMETER OF FLOw CHANNELS 


At the outset, it is well recognized that the diameter of the 
flow channels must be some linear dimension characteristic of 
the flow system as a whole, with respect to size of individual chan- 
nels and the resistance to flow. It appears that such a measure 
can be derived only in terms of the size of the adjacent particles 
and the degree of packing as represented, for example, by the 
porosity. Beyond these requirements no useful specification of 
the diameter is known to the author. 

Numerous theories have been advanced for the derivation of a 
characteristic channel diameter, most of which are equally de- 
pendent upon particle size but relatively few reflect serious con- 
sideration of the all-important porosity factor. 

Kozeny (3) has derived a permeability equation in which a 
term equivalent to the characteristic channel diameter is ex- 
pressed as the surface area of particles per unit of solid volume. 
This, in turn, was developed from a mathematical treatment of 
the transverse section and marginal boundary of the unit void, 
together with the length of flow line. By analogy, Kozeny viewed 
the problem in the light of flow through tubes of uniform cross 
section, and he obtained an equation which, with suitable modi- 
fication, has since been verified experimentally over a wide range 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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of conditions. He states, moreover, that the same equation was 
previously developed empirically by E. Kruger (4). The equa- 
tion, given for viscous flow, essentially is 


where C = a coefficient, VY = volume of particles, and A = 
surface area of particles. 

As part of an investigation of flow through granular media at 
Harvard University, in which the author was associated with 
Gordon M. Fair, an expression for the channel diameter was de- 
rived in accordance with the concept of the hydraulic radius, a 
familiar term frequently employed as a size characteristic to 
define flow through irregular conduits. This approach appears 
to have paralleled the one followed previously by Kozeny, and 
the resulting expressions, in so far as porosity is concerned, 
are identical. What has previously been referred to as the Fair- 
Hatch expression has been discussed in other articles (5, 6), 
but the derivation is here reviewed as follows: 


cross-sectional area __ length 
H i i = = 
ie wetted perimeter length 
volume of voids volume of solids a 


surface area of solids 7 surface area of solids l—a 


Bakhmeteff and Feodoroff (1) have introduced a diameter 
relationship in which porosity again is said to have suitable di- 
mensional characteristics, ie., dp = da'/*. This, also, the author 
believes to be incorrect on the grounds that the porosity term 
should take the form a/(1 — a), and, furthermore, that the fore- 
going expression is founded upon the characteristics of an iso- 
lated unit void rather than of the unit channel or the flow system 
as a whole. 


PaRTICLE SIZE AND SHAPE 


The size of irregular particles is frequently expressed in terms 
of the size of opening or the “mesh” of sampling screens. The 
size of individual random particles retained between two screens 
of slightly different mesh will not be uniform but will vary in ac- 
cordance with the screen openings. As is commonly true of 
random variations, it will be found that the measured sizes of 
these particles will usually follow a geometrically normal distri- 
bution. Therefore, with respect to screen sizes, there is reason 
to assume the geometric mean of the screen openings to most 
truly represent the size of the particles as a whole. 

For careful analysis, however, sampling screens should not be 
regarded as size-measuring devices, and an independent size de- 
termination of each fraction should be made. This may be done 
by direct measurement of a representative number of particles 
and expressing the result as an average value calculated in ac- 
cordance with the size distribution. Because of the multitude 
of “diameters”? which may be used to define size of irregular 
particles, the results of independent investigations oftentimes 
are not comparable. As is frequently overlooked, the real 
objective in many cases is merely to obtain a representative size 
measure by some convenient method which will give consistent 
results. There is need for uniformity along these lines, and with 
this in mind the writer used as a measure of size the maximum 
projected distance between extreme edges of particles in one 
consistent direction; the particles lay at random in the measur- 
ing field. This method, described elsewhere, has no special merit, 
but it is convenient and gives consistent results. In the present 
study the geometric mean of individual measures within each 
fraction was considered a representative value. 

While particle shape should be included in our concept of 
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particle size, it appears that, at present, a separate evaluation of 
these two factors is necessary. In the Kozeny expression, par- 
ticle shape is included in the diameter term, V/A, but for prac- 
tical use this term is better represented by d/S. Here S is the 
shape factor and d, as before, is the representative particle 
diameter. Obviously, for spheres, S takes a value of 6.0, but 
for nonspherical particles, S becomes larger as the degree of ir- 
regularity increases. Here again, it is important that scme uni- 
form method of measuring particle diameter be adopted in 
order that numerical shape factors, essential to a full definition 
of particle size, will be directly comparable. Shape factors® 
ranging from 6.1 for well-rounded sand grains to 7.7 for angular 
grains were suggested by Fair and Hatch (5). The values are 
based upon the terminal settling velocity of the particles in 
water as compared with the settling rate of spheres and should 
be considered as approximations. Shape factors for the sands 
used in the present study were evaluated in the same manner, 
but in this case the particle shape was substantially uniform. 


UNIFORMITY OF PARTICLE SIZE 


Except for ideal assemblages, granular media are made 
up of particles of unequal size. Thus, a useful general 
equation for flow through such material must be similarly un- 
restricted in its application. If the individual size portions are 
known, from the familiar screen analysis for example, the size 
characteristic of any homogeneous assemblage, conveniently 
represented by the area-volume ratio A/V may be calculated 
readily. As shown by Fair and Hatch (5), if P = weight per- 
centage of material of unifurm size d, and S = shape factor, 
then 


If the assemblage is not homogeneous with respect to particle- 
size distribution, only one systematic arrangement of particles 
appears to lend itself to simplified analysis, namely, that of stratified 
packing. In this case the sizes increase consistently from the finest 
at one end to the coarsest at the other, while, with uniform par- 
ticle shape and like conditions of packing, the porosity remains 
substantially constant. Since the resistance gradient h/I varies 
in accordance with the particle size, no single unit assembly is 
representative and the entire depth of packing L must be con- 
sidered. For this purpose Fair and Hatch (5) suggest an aver- 
age value of A/V, weighted with respect to flow resistance, and 
based upon the fact that for individual layers the percentage of 
total weight P is also percentage of total depth (1/Z)100. Thus 


(1) 


If the size distribution of random material is geometrically 
normal, as is frequently the case, the area-volume ratio A/V 
may be expressed in terms of the geometric-mean size M, and 
the standard geometric deviation ¢,. Suitable equations are 
given by T. F. Hatch (7) which are derived from a considera- 
tion of the size distribution according to the number of particles 
in relation to the distribution according to weight; the latter is 
commonly measured by a screen analysis. In this case, for 
homogeneous assemblages or nonstratified beds 


2 
4) 


100 d 


A 
log yo log S — [log M, — 1.1513 log? o,] 


3’ Shape factors based upon particle diameters determined from 
size of opening of sampling screens (manufacturer’s rating); these 
sizes differ considerably from measured diameters. 
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A-112 
while for stratified beds 
A\? 
log (7) = log S? — [log M,? — 4.6052 log*o,].... [6] 


AREA-VOLUME Ratio 


So far as the author is aware, no satisfactory useful method oc 
determining surface area of irregularly shaped particles has yet 
been presented. Attempts have been made to correlate sur- 
face area with solution rate, and with coating films of molecular 
thickness, but the procedures are involved and yield results 
which apparently are subject to gross error. 

For particles somewhat symmetrical in outline, however, it 
would seem that an approximately uniform relationship may exist 
between the area-volume ratio of the particles and their terminal 
settling rates in suitable fluids. Certain factors may enter 
into such a relationship which do not yield to simplified 
analysis but, for practical purposes, it is conceivable that they 
would play a minor role within a desired range of motion. 

In the present study, each size fraction of sand was made up 
of grains having practically uniform shape characteristics, in 
which case the area-volume ratio for each size would be expected 
to bear a substantially constant relation to a representative particle 
diameter. Hence, the numerical effect of shape is absorbed in 
the equation coefficient. 


Tue GENERALIZED EQUATION 


Evaluation of the channel velocity and the channel diameter, 
including also the particle-size distribution factor, permits a 
restatement of Equation [1], possibly extending its useful ap- 
plication to the general problem of flow through granular media. 


Thus 
1 g (;) (:) ) 60360 [7] 


EXPERIMENTAL PROCEDURE 


There are a number of practical considerations, oftentimes 
overlooked, with respect to the measurement of flow through 
granular media, which influence the accuracy of the results. 
Some of these are as follows: (a) The apparatus should be de- 
signed for simplicity of operation and to permit close observation 
of the conditions of packing and flow; (b) the packing should fol- 
low some specified orderly arrangement; (c) all disturbing factors, 
particularly trapped air bubbles with liquid flow, should be elimi- 
nated; (d) static equilibrium of pressures must be reached be- 
fore resistances are recorded; (e) substantially constant tem- 
peratures must be maintained. 

In the present study the medium (sand) was packed in a glass 
tube about 2 in. in diameter and 5 ft long, having suitable side 
taps for maintaining a constant liquid level above the medium 
and permitting a measurement of static pressures. The tube was 
supported vertically to facilitate the uniform packing of particles 
and to simplify the measurement of resistance. With the glass 
tube irregularities in the packing and other disturbing factors 
could be readily detected. 

With uniform, and vertically stratified nonuniform media, the 
individual particles were first suspended in an upward-flowing 
stream of distilled water until all air bubbles were removed. 
The particles were then allowed to settle into place gradually 
and the direction of flow reversed; deaerated distilled water 
was used in all tests. 

With unstratified nonuniform media, on the other hand, the 
foregoing procedure obviously could not be used, but good results 
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were obtained by first evacuating the voids in a dry medium 
and then allowing the deaerated water to enter slowly from the 
bottom. It was necessary to adjust the rate of flow carefully 
in order to prevent air from being further released from solution, 
and also to secure the medium in place while the water was rising. 


EXPERIMENTAL RESULTS 


To simplify the experimental considerations, Equation [7| 
may be rearranged in the form 


h_k 2—n ia 


Briefly, the author’s tests covered a range of viscous flow (n = 
1) of water through sands of similar particle shape, but differing 
considerably in particle size and size distribution. The last three 
factors in Equation [8] were investigated in their separate in- 
fluence upon the resistance gradient and good agreement with 
the theoretical relationship was found in each case. ‘To bring 
about a variation of porosity within a single test, each individual 
sand was placed in the tube with relatively loose packing, and 
with each successive test run the medium was consolidated by 
tapping the tube uniformly on the outside. 

To simplify the analysis of the data with respect to Equation 
[8], the combined influence of all variables (except shape fac- 
tors which were assumed to be constant) is reflected in the value 
of the coefficient k given in Table 1. The approximate con- 
stancy of the coefficient appears to verify the general correctness 
of Equation [8]. 

Carman (8), in a study of specific surface of particles, gives 
extensive experimental data to verify the Kozeny porosity factor 
in Equation [8], covering a range of porosities of 0.485 to 0.855. 
The corresponding change in the value of (1 — a@)*/a' is from 
2.32 to 0.034, and the deviation between calculated and observed 
values is said to be +5 per cent. The author has never 
been able to demonstrate such close agreement between theory 
and experiment, probably for reasons outlined as follows: (a) 
Difficulties of determining accurately the particle size and shape; 
(b) irregularities in packing, especially when mixed sizes were 
used; (c) experimental errors which, even with careful technique, 
appeared to be unavoidable. For normally accurate work over 
a substantial range of particle assemblage, the margin of error 
may well exceed +10 per cent. 
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Effects of a Change of Poisson’s Ratio 
Analyzed by Twinned Gradients 


Illustrated by Simple Solutions of Boussinesq’s Problem of a Normal Force 
and Cerruti’s Problem of a Tangential Force Acting on the Surface 
of a Large Solid, and by a Simple Derivation of the 
Stresses ina Rotating Thick Disk 


By H. M. WESTERGAARD,! CAMBRIDGE, MASS. 


Some problems of elasticity have a simple solution for 
a particular value of Poisson’s ratio. For example, Bous- 
sinesq’s problem of a normal force and Cerruti’s problem 
of a tangential force, acting on the plane surface of a 
semi-infinite solid, are solved when Poisson’s ratio is '/2 
by referring to Kelvin’s problem of a force at a point in 
the interior of an infinite solid. For, when Poisson’s 
ratio is '/2, the solution of Kelvin’s problem can be stated 
in terms of one principal stress at each point, acting along 
the radial line from the point of the load; the other prin- 
cipal stresses are zero; and one half of the total force may 
be assigned to one half of the infinite solid. For other 
values of Poisson’s ratio terms must be added in the 
formulas for the displacements and stresses.” * 45.6 The 
derivations that have been available are somewhat 
lengthy, especially for Cerruti’s problem. The difficulties 
are reduced by a simple analytical device, here called “‘the 
twinned gradient.’’ The displacement to be added by the 
change of Poisson’s ratio is stated as the gradient of a 
potential except that one of the components is replaced 
by its twin, an identical component in reversed direction. 
This device also lends itself to a simplification of the 
analysis of stresses in a rotating thick disk.’ 


NOTATION 


Z,y,2 = rectangular coordinates 
r,0,z = cylindrical coordinates 
R = length of radius vector from the origin to the 
point z, y, z 


1 Dean of the Graduate School of Engineering and Gordon McKay 
Professor of Civil Engineering, Harvard University. Mem. A.S.M.E. 

? Kelvin, 1848; Boussinesq, 1878 to 1885; Cerruti, 1882 and 1888. 

3See ‘‘Mathematical Theory of Elasticity,’’ by A. E. H. Love, 
University Press, Cambridge, England, third edition, 1920, pp. 
16, 181-190, and 241. 

‘“OUber die Berechnung der Fundamentdeformation,”” by Fredrik 
Vogt, Det Norske Videnskaps-Akademi i Oslo, J. Math.-Naturv. 
Klasse, 1925, no. 2. 

‘Or “Force at a Point in the Interior of a Semi-Infinite Solid,” 
by R. D. Mindlin, Physics, vol. 7, May, 1936, p. 195.- 

*Kelvin’s and Boussinesq’s problems are treated in ‘‘Theory of 
Elasticity,’’ by S. Timoshenko, McGraw-Hill Book Co., Inec., New 
York, N. Y., 1934, pp. 321 and 328. 

™Compare S. Timoshenko, loc. cit., pp. 319-320. 

Presented at the National Meeting of the Applied Mechanics 
Division, Ann Arbor, Mich., June 20-21, 1940, of THe AMERI- 
Can SocteTY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1940, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


i,j, k = unit vectors in the directions of z, y, and z 
p = displacement as a vector 
t,, ¢ = components of pg in the directions of z, y, and z 
= 4 = + = = divergence of p = increase of 
volume per unit of volume 
A= dat + Laplace’s operator 
¢,,9,,¢, = normal stresses in the directions of z, y, and z, 
positive in tension 
ty» Ty Tex = Shearing stresses in the directions of z, y, and z 
Tz, = Corresponding stresses in the directions 
of the cylindrical coordinates 
0 = o,+¢,+¢, =o, + 09 + o, = bulk stress 
G = modulus of elasticity in shear 
K= 


+k the operator nabla 


T 


values of Poisson’s ratio 
body force per unit of volume, a vector 
Tue TWINNED GRADIENT 
Assume that a set of displacements 


and stresses o’, r’ have been found to apply when Poisson’s ratio 
has the particular value m and when the body forces per unit of 
volume are K’. Then p’ is a vector function satisfying the 
equation of elasticity 


1 
o(a+ div) of = 0 [2} 
1— 2m 
The corresponding stresses are defined by equations of the form 
‘=2 — i 
+ ative’) [3] 
2 
0’ = = [5] 
1— 2m 


Assume now that Poisson’s ratio is changed from m to uy, 
while the modulus of elasticity in shear G remains unchanged. 
Assume for the time being that the displacements p’ are held 
unchanged. The new set of body forces required by these 
assumptions need not be expressed. The shearing stresses, 
according to Equation [4], will remain unchanged. The normal 
stresses, according to Equation [3], will increase in all directions 
by the amount 
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n 
1) 
ale 
ch 


which may be restated by use of Equation [5] as 


= re) 
(1+ m)(1 — 2u) 


The change is completed by adding the displacements p” to 
p’, thereby creating the final displacements 


and the final stresses 


=oa'+a’, 


which require the final body forces 


The choice is made to investigate the possibility of expressing 
p” by a twinned gradient, defined by reversal of sign of the z- 
component of the gradient —V¢ of a function —¢y. The pro- 
posed formula is 


=, Oy dy 
"=—i— —j— — =-—V k-2 —...(11 
2Gp ix; e+ [11] 
By referring to Equation [4] it is seen that 
Also 
Wp 
2G div p dy? det [13] 


By referring to Equation [3] and noting that the normal stresses 
were previously increased by ¢ one finds 


or” 


or, by Equations [7] and [13] 


"+4001 —%) 1 — Qu \ dz? 


The further choice is made to impose the requirement 


dz dz Ox? Oz? 


The complete set of stresses produced by the changes may now 
be recorded: 


” ” ” 
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It remains to express the body forces that are required to 
maintain the stresses in Equation [20]. By use of the two 
equations of equilibrium of the form 


da,” 
one finds 
K" = i—— 22 
j [22] 


The function ¢ must satisfy Equations [17] and [22]. 
In the majority of significant cases both the original and the 
final body forces are zero. That is, 


Then Equation [22] is satisfied if 


that is, if g is a harmonic function. Equation [17] is satisfied 
if in addition 

Oz? 1+m 


It is possible to satisfy Equations [24] and [25] at the same time 
because AO’= 0; 0’ is a harmonic function. With Ag removed 
in Equations [20], ¢ becomes an Airy function for the stresses 
in the directions of x and y. 

Some of the equations that have been stated become indefinite 
when m = '/2; but considerations of convergence show that the 
remaining equations remain applicable in this limiting case. 
This conclusion is reached also by a direct study of the limiting 
case of m = 1/2. 


STATEMENT OF THE SOLUTION OF KELVIN’s, BouUSSINESQ’s, AND 
Crrruti’s PRoBLEMS WHEN Poisson’s Ratio Is !/2 


In Kelvin’s problem a solid is considered which extends in- 
finitely far in all directions. At the origin of the coordinates 4 
concentrated force 2P is applied in the direction of z, which is 
assumed to be vertical downward. In Boussinesq’s problem the 
semi-infinite solid z = 0 is considered; the concentrated normal 
pressure P acts at the origin of the coordinates in the direction 
of z. In Cerruti’s problem, for the time being the semi-infinite 
solid y 2 0 is considered, with the tangential force P acting at 
the origin of the coordinates in the direction of z. 

When Poisson’s ratio is '/2, 


the solution of all three problems can be stated by the same 
formulas. In doing so it is expedient to use, besides the ret- 
tangular coordinates z, y, z, also the cylindrical coordinates 
r, 0, z, and the polar coordinate R; r and R being defined by 
the equations 


R? = r? + 2? = 22? + y? + [27] 


The formulas follow: 


C 


Bous: 
Wi 


This 4 
one fir 
[28] a: 


By ref 
only ty 
[31] ar 


¢ = 2G F = div Ts dy? nat 
bei 
| 
o,, =o + 2G > div p”}........[14] 
This requirement is satisfied when 
me oS gees Equations [3] and [16] permit a computation of o,”: 
| 


le 


\ND 
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Displacement in the direction of the horizontal radial coordi- 
nate r: 


Pr eG Re [28] 
Resultant displacement: 
val + jyz + R(R? +2 | [29] 


Principal stress, in the direction of the radius vector R, 
equal to the bulk stress 6’, the other two principal stresses 
being zero: 


Corresponding components of stress: 


3P rz 3P 23 
3P rz 
tre’ = 0, 79,’ = 0, peo 
3P 
3P y%z 
2r R5 
3P 2 
RS 
3P xyz 
| 
yz? 
3P x2? 
R } 


BoussiNESQ’s PROBLEM FoR ANY VALUE oF Poisson’s RATIO 


With m = '/, and 0’ as in Equation [30], Equation [25] gives 


1— Qu (1 — 2u)P 
Oe (1 — (1 — 2u)P 
— = = — ] 
eR ¢ og (R + z) [36] 


This ¢ is a harmonic function. By referring to Equation [11] 
one finds the displacements to be added to those in Equations 
[28] and [29]: 


2G or 4nG R(R + 2) 
1 _ (1—2n)P 


By referring to Equations [20] and [24], one finds the two and 
only two stresses that will be superposed on those in Equations 
[31] and [32]: 


1 (1 — 2yu)P 1 
Or R(R+2) (38) 
1 
= = —- — 
or? r Or Oz? 


(1 — 2u)P 1 z 
= (- RR +2 + [39] 


Crerruti’s PRoBLEM 


In dealing with Cerruti’s problem it is expedient now to change 
the directions so that the force P at the origin of coordinates 
will act in the direction of x on the semi-infinite solid z = 0. 
Accordingly, Equations [27] to [34] are reinterpreted with 
changes of z to y, y to z, z to z, itoj,j to k, and k to i. 

Then Equations [25] and [30] give 


1—2u (1—2u)P x 
Oz? 3 R3 


By two integrations one finds the two successive harmonic func- 
tions 


de (1—22)P 
dz R(R+z2)’ Qe 


By substituting this function ¢ in Equations [11] and [20] 
and adding the values to those derived from Equations [29], 
[33], and [34] by changing directions, one obtains the following 
formulas, which are the solution of the problem: 


... [41] 


x? R 
 (1—2y)ay 


_P is, 

= 


3P rz? (1 + 
[48] 
3Pryz 3Px%z 


Roratine Tuck Disk 


It is desired to determine the stresses in a disk, with the sides 
z = +c and the edge r = a, rotating about the axis of z with a 
constant angular velocity w. The body force is the centrifugal 
force per unit of volume, ww*r/g, in which w/g is the mass per 
unit of volume. Timoshenko® has shown a solution of this 
problem. The method of the twinned gradient permits a simple 
derivation. 

In the initial state the body forces and the stresses are taken 
as zero. Then ¢ may be assumed to account for the total body 
force and stresses, except that a simple state of stress may be 
superposed at the end of the computations. Accordingly 


K = K", o=o", and +r =7".......... [50] 
Then Equations [17] and [22] will be satisfied if 


8’ Compare S. Timoshenko, loc. cit., pp. 319-320. 
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2 
and Apo (r? + f(z). [51] 
The polynomial 
= (ww*/g)(Ar* + Br2z? + C2z*).......... 


is chosen for investigation. Substitution from Equation [52] in 
Equations [51] gives three linear equations for the constants 
A, B, and C. Thereby one finds 


and 


which satisfy Equations [51]. 
The two stresses that do not vanish may now be written in 
accordance with Equations [20], but with a constant tension ao 
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superposed to make the load on the edge vanish as nearly as 
possible : 


— Ag + o 

= a? — : r? + (c? — |. . [56] 


which are the values given by Timoshenko. When c is not too 
great, the radial stresses which remain at the edge according to 
Equation [55] constitute a load that balances itself locally. 
Its removal, by superposing an equal and opposite load, would 
cause only local effects near the edge. 


du 


ww? r2z2 + ——_——— 2]... . [53] er 
ty 
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Torsional Vibration in Geared-Turbine 
Propulsion Equipment 


By H. PORITSKY,' SCHENECTADY, N. Y., anv C. S. L. ROBINSON,? LYNN, MASS. 


Two alternative methods are presented by the authors 
for the determination of torques in the propelling machin- 
ery of ships when friction is taken into account. One is 
called the “‘direct method,’’ while the other is called the 
“method of normal coordinates.’’ The latter is described 
at length, showing the great saving of numerical work 
possible by its use when compared to the direct method. 

The paper points out that at critical propeller speeds 
oscillatory torques are limited only by damping. Two 
types of damping are taken intoaccount: One is damping 
of the propeller in water; the other is friction in the driv- 
ing mechanism, introduced as solid friction in the shafts 
similar to damping in the metal. 


N THE propelling machinery of ships, several modes of tor- 
sional vibration may occur at certain critical speeds within the 
running range. If the amplitudes of these vibrational torques 

become greater than the respective driving torques in any one of 
the shafts, chattering of the gear teeth or lifting of the journal 
affected might result. 

The critical frequencies are determined by the inertias, stiff- 
nesses, and gear ratios of the propulsion equipment. The. excit- 
ing stimulus for the torsional vibrations is provided largely by 
the blades of the propeller as they approach and recede from the 
hull or sternpost of the boat. At critical speeds the oscillatory 
torques are limited only by damping. ‘Two types of damping are 
taken into account: One is damping of the propeller in water; 
the other is friction in the driving mechanism, introduced as solid 
friction in the shafts similar to damping in the metal. 

Two alternative methods are presented herein for the deter- 
mination of torques when friction is taken into account. One of 
them is referred to as the “direct method”’ and is explained in 
section 7. The other one is called the “Method of Normal Co- 
ordinates;” it is described at length in sections 8 and 9 and is 
summarized in section 10. While the method of normal coordi- 
nates appears at first sight unduly long and involved, the fact 
remains that this method, once mastered, will result in a great 
saving of numerical work as compared with the direct method. 

A schematic diagram of the propulsion drive considered is 
shown in Fig. 1. Most of the discussion applies to other arrange- 
ments as well. 

An equivalent system, to which the one shown in Fig. 1 is re- 
duced, is shown in Fig. 2. 


1—NoOMENCLATURE 


The nomenclature used in the paper is as follows: 
n = number of propeller blades 


‘ Engineering General Department, General Electric Company. 

* Gear Department, General Electric Company. 
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understood as individual expressions of their authors, and not those 
of the Society. 


N= propeller speed, rpm 
w, = N2x/60 = 0.1047 N = propeller speed, radians per sec 
f = excitation frequency, cycles per sec = Nn/60 


w = nw, = excitation frequency, radians per sec 

I, I, ... = WR*/g lb-in. sec? = moment of inertia in mass 
rather than weight units 

Ko, Ki, ... = stiffness constants of various shafts, in-lb per 
radian 

9,, 9%,... = angular displacement of various inertias or the 
amplitude’ of such displacements, radians 

To, T;, ... = torque in shaft Ko, K, ..., in-lb per radian or the 
amplitude of this torque 

T, = exciting torque applied at the propeller, or its amplitude, 
in-lb per radian 


¢ = solid-friction damping factor = fraction of maximum 
elastic energy dissipated per amplitude cycle 

= 

D = damping constant for a shaft, in-lb sec 

D, = damping constant for propeller, in-lb sec 

C =D,/w. The introduction of C leads to algebraic sim- 
plification 

wo, wi, ...W5 = critical frequencies, in rad per sec; wo = 0 


corresponds to the “degenerate” critical frequency w = 
0; w corresponds to the first true critical frequency, ete. 


E = kinetic energy of system 
V = potential energy of system 
Referring to the normal coordinates in sections 8 and 9: 
q; = normal coordinate of any displacement of system. The 


coordinate q; specifies the amount of the ith critical 
shape of vibration present in an actual displacement. 
Its dimensions are the same as those of 6. 

A; = constant factor having the dimensions of stiffness con- 
stants K, in-lb per radian 

B; = constant factor having the dimensions of inertia con- 
stants /, in-lb sec? 

Q; = “generalized force’ defined by the equation: Q,dq; = 
work done in displacement dq, by the forces or torques 
whose effect is not included in V 


The /’s, K’s, @’s, T’s are for the equivalent system, possessing 
no gears as discussed in section 2, and the 6’s, 7’s, V, E are 
reckoned relative to a steady state determined by the average 
load and speed. 


2—INERTIA AND STIFFNESS CONSTANTS 


The calculation of the natural frequencies does not depend on 
the magnitude of the exciting torque and on the damping but only 
on the inertia and stiffness constants. 

It is convenient to use an “equivalent system” as shown in 
Fig. 2, which has no gears (or has gears that effect no change of 
speed) and whose natural frequencies are the same as the fre- 
quencies of the original system. This is possible, because, while 
the double-reduction gears in turn effect a change of rotary speed 
of ratio R,:1, R2:1, it will be noted that an oscillatory vibration 
will be transmitted through the gears without change of frequency 


3 In the sense used here the quantity A cos (wt + ¢) possesses the 
amplitude A and not 2A. 
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Fic. 1 ARRANGEMENT OF A TypIcaL MARINE-PROPULSION UNIT 


Ko 


AN ARRANGEMENT OF A MARINE-PROPULSION UNIT WHICH 
Is EQUIVALENT TO THE ONE SHOWN IN Fig. 1 


Fic. 2 


but with a proper change of amplitude. The inertias and stiff- 
nesses for the equivalent inertia are obtained as follows. 

Starting at the propeller end, J, and Ko, shown in Fig. 2, are 
taken equal to the moment of inertia of the propeller and the 
stiffness of the propeller shaft shown in Fig. 1. Progressing 
away from the propeller, after one passes through a gear of step-up 
ratio R:1, the actual /’s and K’s occurring beyond are multiplied 
by R*. If several gears are passed, then the subsequent /’s and 
K’s are multiplied by the squares of the step-up ratios of each 
gear. Thus the inertia J, for Fig. 2 is obtained by adding to the 
moment of inertia of the big gear the moments of inertia of the 
two pinions multiplied by R,*?, while J:, K, for Fig. 2 are obtained 
by multiplying R,?R.? the I:, Kz of Fig. 1. It may be shown 
that an equivalent system so obtained has the same natural 
frequencies as the actual system, as well as the same position 
of nodes (whether in free or forced oscillation). The amplitudes 
and torques of the two systems are also definitely related, as 
shown by 


(7 ) | 
Multiply | K | b R? | to obtain the 
the actual | T oY | equivalent value 
lo} Lar] 


As explained previously, the step-up ratios R used here are those 
of the gears encountered in passing from the propeller to the shaft 
or inertia under consideration. 

If we suppose that the equivalent system with gears of speed 
ratio 1:1 is used to deliver power to the propeller and that the 
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generation of power is properly divided between the two branches, 
it will be seen that the steady and oscillatory torques are changed 
in the same ratio in each branch. Thus the equivalent system 
can be used directly to examine questions of chattering at the 
gears. 

The calculation of inertias and stiffnesses of each member of the 
drive can be made with good accuracy from the blueprints. The 
following items must be kept in mind: 

1 The inertia of the propeller is increased to allow for en- 
trained water. By various tests, the increase of inertia is esti- 
mated to be around 25 per cent of the inertia of the propeller. 
One authority mentions 23 to 32 percent (1).4 The higher figure 
applies when the propeller blades have broad tips. The ship- 
builder commonly supplies a figure for this increase in inertia. 

2 The moment of inertia of the shaft which joins two large 
members is assumed to be divided equally between the two larger 
inertias. This is not strictly correct. It may be shown that if a 
node exists at one end of the shaft, then it is fairly correct to adda 
third of its moment of inertia to the inertia of the member at the 
If a node exists in the middle, then a third of the 
inertia of the portion of the shaft to each side of the node should 
be added onto the respective inertia of the member at that end. 
Since the position of the node cannot be calculated beforehand, 
this procedure is not recommended and the straightforward addi- 
tion of half of the inertia to the members on each side has been 
adopted. However, it must be added that the effect of the 
inertia of the shaft is generally quite small. 

3 Gear and pinion teeth are assumed to be rigid. This is 
confirmed by estimates of gear-teeth deflections converted into 
angular displacements. _ It is also true of coupling teeth. 


3—ExciTaTION Facrors 


There is a once-per-revolution excitation due to unbalance or 
misalignment in any rotating part. The frequency of this may 
be N (the propeller frequency) or NR, or NR,R, (the turbine 
rotation frequency). However, in every case it tends to produce 
a transverse vibration and cannot be considered as a cause of tor- 
sional oscillations. 

Defects of gears may serve as a cause of high-frequency tor- 
sional oscillations, though with a double-helical type and the high 
perfection of present gear cutting, this effect is negligible. 

Asymmetry of the propeller blades may cause a torsional 
stimulus of once-per-revolution frequency. The chief cause of 
torsional vibration, however, lies in the variation of the torque on 
the propeller due to the variation of the water forces on the blades 
during their rotation. The frequency of this variation is the 
blade frequency, that is, the propeller frequency multiplied by 
the number of blades. ' 

The cause of such torque irregularities is known as circumfer- 
ential wake variation (2). A partial list of factors which may 
make the hydrodynamic field around the propeller nonuniform 
is as follows: 

1 The sternpost and the rudder. This is important in single- 
screw ships, where, with an even number of propeller blades, the 
effect is doubled. Hence single-screw ships tend to have large 
torsional excitation factors. 

2 The distortion of the hydrodynamic field near the bull. 
This is an important factor in ships with two or four screws. AS 
each blade tip passes near the hull there is a torque impulse. 

3 The propeller operating near or at the surface of the water. 
This may be very important in the case of a ship lightly loaded. 
Also it often accounts for the accentuation of the vibration in 
rough water. 


‘ The numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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4 Protuberances in the ship’s hull, such as propeller shaft 
bossings. 

The amplitude of this exciting torque is generally given as a 
fraction of the propelling torque. This is possible because the 
wake around the propeller remains similar at all operating speeds. 

One of the first articles on the subject is by A. T. Thorne and 
J. Calderwood (3). They measured the variation in the propeller 
resisting torque in a number of ships and, allowing for resonance 
effects, found that the excitation factor was not likely to exceed 
10 per cent for smooth water. A complete study of a twin-screw 
steamer, the President Hoover, was made by F. M. Lewis (4). 
He found from a careful analysis of model experiments an excita- 
tion factor of 3.2 per cent and torsiograph records taken on the 
actual ship showed 3.3 per cent. 

From the foregoing discussion it would seem that a conservative 
figure for the case where there is more than one screw is 7.5 per 
cent. A figure as low as 3!/: per cent has been recommended in 
some cases; this is based on measurements. 

There are also some indirect references to blade frequency 
excitation. J. L. Kent (5) has mentioned it as being noticeable 
in one particular case when the stern was rising. J. H. Gibson, 
in commenting on an article by H. E. Saunders (6), speaks of 
blade pulsations in the propeller thrust. 

It is to be kept in mind that the driving power which is trans- 
mitted through the propeller as a torque reacts on the water 
largely as a thrust. ‘ Any fluctuation in propeller torque, there- 
fore, shows up also as a variation in thrust at the thrust bearing. 
Furthermore, the water forces react directly on the hull or stern- 
post. This causes hull vibrations. 

Again, in transmitting a load through gearing, there is a re- 
sultant normal reaction at the gear contact teeth and gear bear- 
ings which may again excite transverse vibrations in the ship. 
These effects are not taken into account h re because it is be- 
lieved they do not affect the natural frequency appreciably; 
while they may contribute a certain amount of damping, they 
serve to make the vibrations prominent. It is worth noting that 
in some cases in which these vibrations were, no doubt, excited 
torsionally from the propeller, all kinds of remedies were tried 
before changing the propeller exciting frequency from the natural 
frequency effected a solution (7). 


4—DETERMINATION OF NATURAL FREQUENCIES OF THE PRo- 
PULSION DRIVE 


Critical frequencies are those frequencies at which, in the ab- 
sence of friction, the system oscillates with no external or applied 
torques. 

The equations of motion are obtained by equating the rate of 
change of angular momentum of each inertia to the net torque 
acting on it, then relating the torque of each shaft to the relative 
angular displacement of its two ends. Referring to Fig. 2, let 
all the angular displacements, 6,, 90, ... be measured positive in 
the same direction, and let the torques be positive when they 
tend to displace the right-hand end of the shaft in the positive 
direction relative to its left-hand end. Then there result the 


equations 
.. [3] 
1,6, = T,—T;.......... [4] 
Io 60 = T, + 
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T; = = 0) [8] 
Te = [11] 


To solve for the natural frequencies let us seek solutions of 
Equations [1] to [11], inclusive, in all of which 6; and 7; vary as 
cos wt. Assume 


0; = 0; cos wt, T; = T; cos wt.......... .. [12] 


This notation, while using @; both for the displacement itself as 
well as the amplitude of the oscillatory displacement, and simi- 
larly for 7;, will not lead to any confusion. Physically, the 
assumption in Equation [12] amounts to finding the steady-state 
solution only. Variations in speed, if any, are assumed to be 
slow enough to allow steady state to obtain. Double time 
differentiation in Equations [1] to [6], inclusive, may now be 
replaced by multiplication by —w?; upon division by cos wt there 
results a system of algebraic linear homogeneous equations in the 
unknown amplitudes. In practice one works along the upper 
branch from the free end toward 4 by means of the equations 


[14] 
T, = T: + [15] 


These equations, known as the Holzer equations, follow from 
Equations [1], [2], [5], [7], and [8] under the assumption in 
Equation [12], and determine the torques and displacements in 
terms of #:. Similarly, along the lower branch the equations 


T. = 140%... 
[20] 


serve to determine the amplitudes in terms of 6. From Equa- 
tions [16] and [20], 6, may be determined in terms of @:. Pro- 
ceeding toward the propeller, one obtains from Equations [5] and 
{11} 

To T; + Ts + 


and modifying Equation [6] by the addition of an applied torque 
T,, we obtain 


—T, = Te + [28] 


This T, may be considered as the torque which, applied at the 
propeller branch, will produce the vibration with 6;, T;. With 
the sign as in Equation [23], a positive 7’, tends to displace the 
propeller in the sense of positive @,. At the critical speeds 7, is 
zero without all the amplitudes vanishing. 

The usual method of solution is to assume values of w? and to 
solve for 7',/@:. A graph is made, and where 7,,/@: = 0, there 
w? = w.*. All calculations may be made on a tabular form sheet. 
They should be preserved for use in the torque calculations at 
the criticals which will be discussed later. 


5—DaAMPING IN THE SYsTEM 


Damping in the system is introduced as solid-friction damping, 
which we imagine to be distributed throughout the shafts. Actu- 
ally there is also damping at the shrink fits, at the tooth contacts, 
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in the gears due to the changing stresses there; there is viscous 
damping in the oil; also windage losses. Since not enough is 
known about these various types of damping, it does not seem to 
be worth-while to take account of them individually, and for this 
reason damping has been introduced as of the solid-friction type, 
especially in view of the fact that for sinusoidal oscillations there 
is a comparatively easy way of introducing damping of this kind. 

By solid friction is meant the loss of energy in an elastic ma- 
terial that is undergoing a cyclic change of stress. Experimentally 
it has been found that in such cases there is energy loss per cycle 
similar to energy loss in material due to magnetic hysteresis; in 
fact, it is connected with elastic hysteresis because the strain lags 
slightly behind the-stress. When the stress-strain curve for solid 
material is plotted, there results a narrow loop whose area gives 
the loss of energy per cycle. This loss of energy in the case of 
steel, is likely to be a minor fraction ¢ (<1 per cent) of the maxi- 
mum elastic energy per amplitude cycle (8). Tests conducted 
by the General Electric Company on assembled steel structures 
composed of elements connected by shrinkage fits, bolts, or 
riveted joints show energy losses from 2 to 10 per cent of the 
maximum elastic energy per amplitude cycle. It thus appears 
that the greater part of the damping loss in such an assembly 
occurs in the fits rather than in the material itself. As a middle 
value 5 per cent may be considered to be a conservative estimate 
of what might be expected with coupled shafting and gear-teeth 
contacts. This value is much higher than the solid-friction 
energy losses of the solid materials which are used for the shafts 
and gears, the excess being thought of as due primarily to the 
energy losses at the coupling fits and tooth contacts where rubbing 
contact and viscous oil squeezing during oscillations are doubtless 
responsible for dissipation of energy. 

For the case of sinusoidal vibrations, it will now be shown that 
solid friction can be taken account of by multiplying the stiffness 
constants K by the factor 


In Equation [24] 7 = +/—1 and the use of complex numbers is 
in the sense in which vectors have been employed representing 
sinusoidal currents or voltages. This is done by assuming that 
time enters as a factor 


rather than as cos wt as in Equation [12], and using complex 
amplitudes. As known, the passage to the real sinusoids is made 
by taking the real (or imaginary) part of the complex expression. 
Since 


(a + jb)e%* = (a + jb) (cos wt + j sin wt) 
= (a cos wt — bsin wt) + j(b cos wt + asin wt) 


it is seen that if the real part is used, a coefficient (a + jb) of e/ 
leads to the sinusoid (a cos wt — b sin wt). Geometrically, the 
complex number a + jb can be plotted as a vector, and it may be 
shown that its length or absolute value 


la + jb = + b?) 


represents the amplitude or maximum value of the sinusoid, and 
tan~! b/a, the angle that the vector makes with the axis of reals, 
is the phase of the sinusoid. 

To justify the foregoing statement concerning Equation 
[24], imagine a relatively massless shaft with one end fixed and a 
sinusoid torque applied at the other end. If there is energy lost 
in friction, then the displacement of the free end will not be in 
phase with the torque. The 90-deg out-of-phase displacement 
component will give a velocity term which will be in phase once 
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more with the applied torque, resulting in an energy loss which is 
thus identified with friction loss. 

A way of recognizing this energy loss is by replacing the ordi- 
nary torque relation 7’ = Ké where @ is the total angle of twist in 
a shaft, by 


[26) 


where Disa damping constant. If we assume a solution 


@ =ccos wl, 6 = —cw sin wt 


then T = Kecos wt — Kew sin wt 


The work performed by 7’ is 


S Tdo = K fede + = K(02/2) + Df 
= Ke? cos? (wt/2) + Dew? f sin? wtdt 


The term involving K represents the elastic energy stored in the 
shaft, an amount Kce*/2 flowing into it as it deflects, and returning 
The term involving D 
leads to a consumption of energy at the average rate Dc%w?/2, 
hence of amount Dc®wa per cycle At = 27/w. By definition then 


Ket/2 K 
eK 


2rw 


Hence 


If imaginary exponentials are used to represent sinusoidal 
quantities, letting @ and T vary as e?“! as in Equation [25], then 
from Equation [26] 


or omitting the factor e/ 
T= (14; + 
2n 


This shows that complex numbers may be used to account for 
internal damping by replacing K by K(1 + je). It may be shown 
that this results in elliptical hysteresis curves. 

It is customary to represent viscous friction by a term propor- 
tional to the velocity and thus similar to Dé in Equation (26) 
with a constant D. Resistance due to such friction is sometimes 
called ‘“‘ohmic resistance” due to its similarity to electrical resist- 
ance. If D were constant, then the energy loss per unit time 
would be constant and independent of w. By letting D vary as 
1/w, the constant energy loss per cycle has been obtained. 


6—PROPELLER DAMPING 


It seems curious at first thought that the propeller which causes 
the vibration should also contribute to its damping. Yet this is 
the case and it may be seen as follows: 

From the propeller torque-speed curve for equilibriam condi- 
tions, shown in Fig. 3, it will be noted that if, as a result of a 
torsional vibration the propeller speed w, oscillates about a mean 
value at P;, the driving torque also oscillates and in phase with 
the propeller speed. The variable component of torque is 


where the damping coefficient D, is the slope of the torque-speed 
curve. 

The foregoing argument supposes that for a rapid variation of 
propeller speed the torque of Fig. 3 is followed. Actually this 
curve represents the load on the propeller when it is held at 
various constant speeds, while the ship velocity and the propeller 


~ 


fe 


an 


8 
wae 
ree 
in 
— 
| 
4 
1 + je Tr 
Gack 
i| 
| 
| 
reed 
RE 
shee 


PORITSKY, ROBINSON—TORSIONAL VIBRATION IN GEARED-TURBINE PROPULSION EQUIPMENT A-121 


slip have adjusted themselves to their respective constant values 
corresponding to this constant velocity of the propeller. If the 
variation in propeller speed is rapid, the ship velocity will not 
have time to change and only a variation in the propeller slip will 
result. For this reason the coefficient D, should be the slope of 
the propeller torque-speed curve when the ship’s velocity with 
respect to the water or the speed of advance remains constant. 
This curve is steeper than the equilibrium curve and is indicated 
by the dashed line in Fig. 3. 

Three methods have been suggested for estimating the value of 
D,. 

‘ Model Experiments. F. M. Lewis (9) has derived the 
following expression for the damping factor 


Q(1 — s) 0Q,,/ds 
@ 
where Q is torque, N is propeller speed in rpm, and s is the slip. 
The subscript m refers to a model propeller which simulates the 
actual one; s is the same for both the model and the ship. The 
quantity (0Q,,/0s)/Q,, can be evaluated from the proper diagram 
included in Fig:. 185-208 of D. W. Taylor’s “Speed and Power 
of Ships” (first edition) (10). 
This method requires 
a knowledge of propel- 
lers and a certain skill 
tp is involved in adjust- 
ing model experimental 
data to the propeller 
on the ship. Further- 
more, the data are not 
‘ available for many pro- 
: pellers of recent design. 
! 2 Method of Tingey. 
§ The actual torque- 
speed curve for con- 
stant speed of advance 
can be obtained from 
a Troost diagram. 
This has been sug- 
gested and developed 
by R. H. Tingey, chief 
0 Op engineer of the Ship- 
building Division of 
PROPELLER TORQUE-SrPEED Curve the Bethiehem Steel 
Company. On a 
Troost diagram there are curves of constant values of 6 plotted 


with pitch ratio as the ordinate and basic variable B, as the ab- 
scissa, where 


— 
~ 


Fig. 3 


d = propeller diameter, ft 

H. pitch at blade tip, ft 

shaft horsepower 

propeller speed, rpm 

ship speed, knots 

V. = speed of advance of propeller in relation to water at stern 
in which it is working 

b = block coefficient of hull 


P 
N 


For single-screw ship V, = V[1 — (0.5b — 0.10)] 
For twin-screw ship V, = V[1l — (0.5b — 0.16)] 


and B,= . 


Propeller diameter d 


It is necessary to select the diagram that most nearly applies. 

From a knowledge of the equilibrium conditions, if B, and 6 
are known, the pitch ratio can be found; or if any one factor in 
these three quantities is unknown, it can be determined. The 
pitch ratio is, of course, constant for a given propeller. With 
constant V,, 6 and B, can be determined as functions of N. 
From B, the shaft horsepower and consequently the propeller 
torque can be estimated. The damping constant is the slope of 
propeller torque for constant speed of advance plotted against 
propeller speed in radians per second. 

Shipbuilders, generally speaking, have access to Troost’s dia- 
grams for most propellers of recent design, including some with 
airfoil sections. Similar diagrams are given in D. W. Taylor’s 
“Speed and Power of Ships” (10), 1933 edition, Fig. 204 for three 
blades and Fig. 211 for four blades. It can be seen that this 
method also involves a knowledge of the propeller details. 

3 Double-the-Slope Method. An approximate value of the 
damping constant can be taken as twice the slope of the equi- 
librium torque-speed curve. Incidentally, if only one or two 
points are known on this curve, it may be assumed that the torque 
varies as the square of the propeller speed. Double-the-slope 
method gives damping factors which are conservative at low 
speeds, where propeller damping is significant, and which may be 
too large at high speeds, where, however, propeller damping is 
usually negligible compared with that due to internal solid friction. 

Because it is based on the best information that is obtainable, 
and because it is most direct and involves the fewest assumptions, 
the Tingey method is unquestionably the most accurate. Often, 
however, the propeller characteristics are not available and then 
it is necessary to use the third method. 

With the assumption Equation [25] that time enters as an 
imaginary exponential, Equation [23] is now replaced by 


-T, = Te + + [28] 


7—Drrect DETERMINATION OF AMPLITUDE OF OSCILLATING 
TORQUES AT THE CRITICAL SPEEDS 


By introducing solid-friction and propeller damping in the 
manner explained in the two preceding sections, the Holzer Equa- 
tions [13] to [23], inclusive, are modified by having K; replaced 
by K,(7 + je) thus leading, say, from Equation [14] to 


= Oy — l4a 
(1 + je) K: 

furthermore Equation [23] is replaced by 
—T, = Te + O + [23a] 


To solve for the torques at a critical speed, say w? = w;?, where 
this critical had been determined by means of Equations [13] to 
[23], inclusive, we simply set w? = w;? and proceed to determine 
the various torques and amplitudes in terms, say, of #2. After the 
last equation has yielded 7, in terms of 62, the assumed value of 
T, is inserted, whereupon all the amplitudes are determined 
absolutely, rather than relatively to 6. In solving Equations 
[14a] and [23a], use is made of the following approximations 


which holds since ¢« is a very small quantity, though, of course, 
more exactly 


1 Je 

l+j 

This method, while straightforward, is quite laborious due to the 
introduction of imaginary quantities. At certain critical speeds 
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it is necessary to use a calculating machine in order to maintain 
proper accuracy, especially at the junction point of the low- 
pressure and high-pressure turbine branches. It often happens 
that these branches involve large (equivalent) inertias and also 
large torques, but that they oscillate one against the other so that 
in calculating the torque in the propeller shaft from the previously 
found torques 7,, 73, higher accuracy is needed than can be 
obtained by means of a slide rule. In such cases the approxima- 
tion in Equation [29] may itself lead to error. 

The method of normal coordinates, which will now be taken up, 
simplifies the calculations considerably. 


S8—INTRODUCTION OF NORMAL CoorDINATEs (11) 


Consider linear systems in which the forces or torques are 
linear in the different coordinates which specify the displacements 
from equilibrium. Then the potential energy V is quadratic in 
the displacements. The kinetic energy £ is, of course, quadratic 
in the velocities. By “normal coordinates’’ of a linear system is 
meant a set of coordinates for which EF and V both reduce to a 
sum of squares (without product terms). These normal coordi- 
nates are proper linear combinations of the original variables, with 
constant coefficients. Their existence follows from a well-known 
theorem in algebra which states that two quadratics may be 
simultaneously reduced to algebraic sums of squares by a proper 
choice of axes. 

The present system is linear in the six variables 4, 6,, 61, 2, 43, 
and 4, as noted from the Equations [1] to [11], inclusive. These 
6’s, however, are not normal coordinates because product terms 
occur in the potential energy 


[Ko(6, — 0)? + + ...] + K... [30] 

even though the kinetic energy 
does involve only squares. If qo, gi, ... gs are normal coordinates, 


then each q is a linear combination of the 6’s and when V, E are 
expressed in terms of the q’s, there results 


1 
V = 5 + Ain? + 
1 
where Apo, Ai, .... and Bo, Bi, ..... are the proper constants. 


Applying Lagrange’s equations for motion under no external 
torques, there results the system of equations 


It will be noted that as a result of the nonoccurrence of product 
terms in both V and £, the variables separate completely in the 
equations of motion. Therefore, the solution of these equations 
is very simple, being given for each g by 


= C; sin (w,t + w,? = A,/B; [35] 
where the constants C;, y; are completely arbitrary. Choosing 


all C; but one equal to zero, there results an oscillation of fre- 
quency w;. Now the q’s are given by six linear equations 


go = + + Lori + 
= + Lido + Luigi +... [36] 


whose solution yields for the 6's linear combinations of the q’s 


6p = Myoqo + Mag + M +... ) 


6, = Moogo + Mong: + Mog: + ... 


Hence if each g vanishes except q,, for which Equation [35] holds, 
there results a motion which can be described as a free oscillation 
of frequency «;, in which all the inertias oscillate sinusoidally and 
in phase with the same frequency «,. 

This shows the physical meaning of the normal coordinates, 
namely, that each normal coordinate q, is associated with one of 
the critical frequencies. Each critical frequency carries with it a 
certain “shape of oscillation,” that is, a definite ratio of ampli- 
tudes or a definite position of nodes; and each normal coordinate 
measures, so to speak, the component of that shape in the actual 
displacement. The subscripts of the qg’s can conveniently in- 
crease in the order of increasing frequencies. 

The exact nature of the q’s is not completely determined by the 
foregoing requirement, since a multiplication of each ¢ by a con- 


* stant is still possible. To avoid this ambiguity, each q will be 


chosen as equal to unity corresponding to a displacement in which 
the propeller displacement @, is equal to unity. This is equiva- 
lent to putting 


Mp = Man = cee = My = .. [38] 
in the first Equation [37] which becomes 


Now q@ carries with it a displacement in which the propeller dis- 
placement 6, is equal to q,, while all the other 6’s have the same 
ratio to 6, as the amplitudes in the oscillation of frequency «. 
However, if all q’s but gq vanish, then the Equations [37] yield 
for the displacement Mog, Mug, ... Mag. Hence the coeffi- 
cients of gq; in Equation [37] represent precisely the first “shape of 
vibration,” that is, the amplitudes of the various inertias during 
the critical frequency w;. Similarly for the coefficients of q, ..., 
qs. As regards qo, it corresponds to the degenerate frequency 
w = 0 corresponding to a constant displacement of all the inertias 
or to their uniform rotation, and the coefficients of go in Equation 
[37] are all equal to unity. 

To determine A;, B; note first that the ratio A;/B; is given 
by Equation [35]; thus only the A’s or the B’s need be found. 
The latter are given by 


6 2 6 2 
B; = (*) +h + [40] 
9, 9, 


where the ratios are of the amplitudes at the ith critical, thus 
being equal to proper M’s of Equations [37]. To prove this, note 
from Equation [33] that B,q,2/2 is the kinetic energy which is 
possessed by the system when all q’s but q; vanish. Since this 
happens during the ith critical oscillation, Equation [40] follows 
readily. Similarly 


(41) 
9—APPLICATION OF NORMAL CoORDINATES 


The applied torque and the propeller damping will first be taken 
into account. This is done by applying Lagrange’s equations of 
motion in the presence of external forces, that is 


dt 


Here, as in Equations [30], [31], [32], and [33], E is the kinetic 
energy and V the potential energy, and Q, the “generalized” forces 
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(or torques) whose effect is not included in V, defined by the fact 
that 


is the work done by these forces during the displacement dq:, dq: 
Since the effect of the applied torque and the friction torque 
on the propeller is not contained in V, they must both be intro- 
duced as an external torque Q. Due to an external torque Q on 
the propeller the work done during a small displacement d4 ..., 
dé, is Qdé, or, taking Equation [39] into account Q(dgqo + dq, + 
... + dq). Comparing with Equation [43] it follows that Qo = 
Q = = = Q. 
That is, each “generalized”’ external force Q; is equal to the ex- 
ternal propeller torque Q. Now the torque acting on the pro- 
peller is given by 


Q=T,—D,6, +4)------ [44] 


in view of Equation [39]. 
Substituting in Equation [42], there result the differential 
equations 
\ 


Bogo + Aogo + + 9: + = To ) 
+ Aim + + [45] 


) 


Now suppose that time enters as e/' as in Equation [25]. Put- 
ting 
D, = Cw.... [46] 
replacing A; by Byw,? there results® 
GoBo(wo? — w*) + jw*C( 
— w*) + >... [47] 


If it is desired to take solid friction into account, then it will be 
recalled from Equation [24] that the stiffness constants K, had 
to be replaced by K,(1 + je). This will have the effect of re- 
placing A; by A,(1 + je) and w,? by w,;2(1 + je), thus modifying 
Equations [47] to 


+ je) + +a = Te 


By subtracting one equation from another, it will be noted that 
the ratio of any two q’s is uniquely determined. For example 


+ je) — = qoBo[wo?(1 + je) — 


+ je) —w?] = Bi[on2(1 + je) — w*] .... [49] 


These ratios are independent of propeller damping and of the 
applied torque, depending only on the frequency and on the solid 
friction. 

Equations [48] suffice to solve for qg; and since each q carries 
With it a set of 6’s and 7’s, this solution enables one to determine 
any displacement and any torque amplitude. The chief advan- 
tage of these equations, however, lies in the ease with which they 
can be applied to calculations at the criticals. Indeed, say at w = 
#;, Equations [49] yield 


= qoBolwo? — w,? + wo*(je)] 
9: B w;*(je) = 1B, — w,? + w17(je)] 


[50] 


Since ¢ is very small compared with 


* The critical wo actually vanishes and has been retained to give 
Equations [47] a more uniform appearance. 


wo w,? 
| (cxstuding or :) 


bed} 


it follows that at # = w;, gq; will be very much larger than the 
other q’s. Therefore, at w = w,; the other g’s may in general be 
neglected in comparison with g; and Equations [48] reduce prac- 
tically to 


Physically, the last result amounts to a statement that at w = 
w; only the corresponding ith critical mode is excited to any 
appreciable extent. It will be further noted that q; is limited by 
the joint friction C and «, due to propeller damping and solid fric- 
tion, and that the phase of q; is 90 deg relative to T,. The mode 
q; is limited by frictional “resistance,” whereas the other modes 
are limited by “dynamic impedance,” almost entirely. 

In absence of friction the simplified Equations [43] or [47] and 
[41] yield 


1 1 


Note that at w? = w,? the term involving w,;? — w? becomes infi- 
nite. Hence if 


(where X is the quantity in the bracket in Equation [52] ) be plotted 
against w? it will cross the w? axis at w? = w,?. It is readily 
shown that the slope of Equation [53] at that point is B;. This 
way of calculating B; is sometimes more convenient than Equa- 
tion [40], since the curve of Equation [53] is available from the 
determination of «;. 

Note from Equation [52] that the term 1/B,?(w;2 — w*) of 
6,/T 4, Which is responsible for the infinity at w, if plotted by it- 
self, leads to a hyperbola. If the mean value of @,/T, at two 
points which are equidistant from the asymptote w? = w,? be 
taken, then the result will be practically equal to the sum of the 
remaining terms of the bracket in Equation [52]. In this way 
one may obtain the contribution of the remaining modes to, say, 
6,/T,, provided frictional terms occurring in these nonresonant 
terms be neglected in comparison with the dynamic impedance. 

Similarly, after the contribution to any torque T’, at the critical 
w,? due to qg; has been found by multiplying the known ratio of 
that torque to @, at w;? by gq; as determined from Equation [51], 
the contribution to 7’, due to the other modes, that is, the non- 
resonant components, may be determined by taking half the sum 
of the values of 7',/7,, at two points close to and equidistant from 
the asymptote w? = w;,?. 

These nonresonant components are usually small so that high 
accuracy is not essential. The omission of damping in their com- 
putation is further justified by the fact that the torques thus 
obtained are too high. 

These components are either in phase with the exciting torque 
or else 180 deg out of phase with it; in other words, they do not 
contain any j. Therefore, in combining the nonresonant com- 
ponents and the resonant components, the absolute magnitude is 
determined as the square root of the sum of the squares. 


10—TuNEpD BRANCHES 


If both the high-pressure and low-pressure branches are tuned 
so that they have a common frequency (when oscillating against 
Ty held fast), then this frequency is also a natural frequency for the 
system asawhole. This follows from the fact that the criticals of 
the system are separated by the branch frequencies. In this 
oscillation the low-pressure branch can oscillate against the high- 
pressure branch with a node at J) and without the propeller par- 
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ticipating at all. When this is the case, an applied propeller 
torque cannot excite the resonant and usually large mode of 
oscillation and the critical is not felt at all. When the branches 
are nearly tuned, the resonant mode is excited only to a slight 
extent. 

To prove this, consider Equation [40]. Since in the Ki, Ks 
shafts there are nodes very close to Jo, it follows that the ampli- 
tudes 6,, 62, 6;, and 6, are very large compared with 4. On the 
other hand, if the propeller branch frequency is not close to the 
tuned critical, then if there is a node in it, it is not close to Jo; 
therefore the @,/4 is not very large. Hence 6,/6,, 62/0)... are 
large and the inertia constant B for this critical will be very large, 
and as exact tuning is approached B will become infinite. The 
resulting g will therefore be very small or zero, and only the non- 
resonant modes of vibration will be excited. Thus the torque 
curve will possess no peak or but a small one at the critical. 

If all three branches are tuned to a common frequency, then 
this frequency can be considered as the equivalent of two natural 
frequencies of the system in the sense that two frequencies are 
trapped between the frequencies of the three branches. 
gebraic equation for w* for the whole system now has the critical 
as a double root. 

In this case the low-pressure branch can oscillate against the 
high-pressure branch without involving the propeller or the pro- 
peller can oscillate against one of the branches without involving 
the other branch. There is always a node at the big gear, but the 
resonant component is excited by a propeller torque. The chief 
characteristic of this mode of tuning is that one has all the criticals 
over with in a single running range. On the other hand, if there 
is a slight mistuning of the two branches, then it often happens 
that it is more advantageous to mistune the propeller branch even 
further, as this leads to smaller maxima torques. 

Systems with tuned branches are often referred to as nodal 
systems or nodal drives. The term was introduced by J. H. 
Smith (12) who pointed out the advantages of such drives. 


11—SuMMARY 


After the equivalent inertia and stiffness constants have been 
found, the critical frequencies of the whole system are located. 
This is done by assuming values for w? in Equations [13] to [23], 
inclusive, and calculating progressively the various 6’s and T’s 
say, in terms of 6. The curve T,/@ is plotted and the points 
where it cuts the axis correspond to the critical speeds. 

After the critical frequencies have been determined the damp- 
ing constants D,, C, and « are found and the torques at the criti- 
cals are proceeded with. This is carried out either by means of 
the modified Equations [13] to [23], inclusive (see Equations [14a] 
and [23a]) or preferably by the method of normal coordinates. 

For definiteness consider the first critical w:, and suppose that 
it is not too close to w:,. From the preceding calculations the 
ratio of the 6’s and T’s say to @,, at w, is known. It is then 
possible to find B, from Equation [40]; B, may also be found 
from the slope of 7,/@, at w,? (see Equations [53], [52], and the 
following discussion). Using Equation [51], gq is now deter- 
mined. By multiplying 7:/6,, T2/0,.... (as determined from 
Equations [13]-[22]) by this value of q, the ‘resonant com- 
ponents” of the torques, 7, T2, .. at w:, are obtained. 

Unless the high-pressure and low-pressure branches are nearly 
tuned to w, these resonant components represent the torques 
sufficiently accurately. However, if the high-pressure and the 
low-pressure branches are nearly tuned to w, then B, will be 
large, g, small, and the resonant component of torque small like- 
wise. Under these conditions a calculation of the nonresonant 
components is desirable. One may, of course, wish to obtain the 
value of the nonresonant components even when they are small 
relative to the resonant values. These nonresonant components, 
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say of the torque 7°, neglecting friction, may be obtained by tak- 
ing the mean of T; as found from Equations [13] to [23], inclusive, 
at two values of w? close to and equidistant from «,?. 

In case the critical in question, say w:, is quite close to the next 
critical we (this will happen if the lowest frequencies of both tur- 
bine branches are close to the propeller branch frequency), then 
Equation [51] may not be sufficiently accurate and Equations 
[48] and [49] should be used directly. Now it is proper, however, 
to neglect all the normal coordinates other than q and q, resulting 
in the solution of only two simultaneous equations for qi, qe. 

At frequencies removed from the critical ones the term ‘reso- 
nant” is no longer relevant. In general, the effect of friction is 
negligible at such frequencies, the amplitude being limited chiefly 
by dynamic impedance, and the values derived from Equations 
[13] to [23], inclusive, can be used. 

While it is felt that at the present state of knowledge of damp- 
ing in the system the introduction of friction as solid friction is 
entirely satisfactory, it is to be pointed out that the introduction 
of velocity friction located at the inertias is possible by multiply- 
ing the constants B; by a proper complex number. 

In summarizing, we believe that the application of normal co- 
ordinates to this problem is convenient from several points of 
view. Normal coordinates do not represent a universal panacea 
for all difficulties encountered in this field, nor do they replace in 
any way the location of the criticals by the ordinary methods. 
They can be used, however, to eliminate lengthy calculations 
involving complex quantities, for instance, those that result when 
friction terms are introduced directly in the equation of motion, 
By resolving any quantity into a resonant and nonresonant com- 
ponent, normal coordinates afford a clearer picture of what hap- 
pens at resonance. Such questions as how nearly the shape of 
vibration at a critical (including friction) agrees with the shape 
of free vibration in absence of friction are easily answered by 
examination of the nonresonant components. 
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Discussion 


Measurement of Impact Strains by 
a Carbon-Strip Extensometer' 


Rk. K. BerNHARD.? It might be of certain interest to supple- 
ment the excellent paper of the authors by describing briefly 
similar tests which the writer made and published? in part in 
1928. The purpose of the investigation was the determination 
of the propagation velocity of longitudinal waves in a complete 
structure and not in a single bar. 

The instruments for measuring these waves were essentially 
the same. However, instead of a carbon-strip extensometer, a 
special type of carbon-stack extensometer (pickup units) weigh- 
ing 0.12 lb each and having a gage length of 1 in. were used. The 
recording instrument was a standard two-mirror oscillograph 
with a maximum speed of the light-sensitive paper of 16 fps and 
equipped with an electric-are light source. The natural fre- 
quency of the pickup unit was 2000 eps of the receiver (gal- 
vanometer elements) 20,000 eps, both working with half-aperi- 
odic damping. Hence no distortion of the records with respect 
to amplitude and phase, up to exciting frequencies of 2000 + 4 = 
500 eps, was to be expected. 

The procedure of the investigation was as follows: The ex- 
tensometers were fixed on the lower chord of a simple beam rail- 
road truss of 115 ft span, one telemeter being attached to the first 
chord near the left support and the second telemeter to the 
last chord close to the right support. The distance between the 
two pickups was 98 ft. The waves were excited by a locomotive 
approaching the left support via the adjacent dam and stopping 
suddenly over the left support by applying the brakes as strongly 
as possible. Thus, a relatively large impulse could be excited 
on the superstructure. Both pickups recorded simultaneously on 
the light-sensitive paper the tension-time diagram excited by 
this impulse. By comparing the corresponding waves, their 
phase difference indicated the time of the longitudinal stress 
wave in propagation from the left to the right support. The 


theoretical velocity in steel is v = = 30 X_12? 
p 485 
32.1 
~ 17,000 ft-see~!, where E = modulus of elasticity of steel and p 
= density of steel. Hence, the measured value was 17 per cent 
lower than the theoretical value. A tentative explanation of this 
time difference might be the retarding effect of parts not con- 
tributing to the propagation, i.e., gusset plates, loose rivet con- 
nections, ete. 


The advantages of the measuring method applied in this man- 
ner are: 


| With respect to carbon-stack pickups: No amplification 
units (electro tubes) for the output of the telemeter are required. 
2 With respect to mirror oscillographs: Both records, in- 
cluding the time signal, are obtained on the same light-sensitive 
paper, 
_ | By R. Fanning and W. V. Bassett, published in the March, 1940, 
issue of the JouRNAL or APPLIED MECHANICS, Trans. A.S.M.E., vol. 62, 
1940, p. A-24, 
. 2 Professor and Head, Department of Engineering Mechanics, The 
ennsylvania State College, State College, Pa. 
. Beitrag zur Briickenmesstechnik Neuerer Messungen dynamis- 
cher Briickenbeanspruchungen,” by R. K. Bernhard, Der Stah/bau, 
Vol. 1, no. 13, Sept., 1928, pp. 145-158 


3 Furthermore, no supersensitive film or fast lenses are re- 
quired, thus simplifying the photographic procedure substantially. 
Hence, difficulties in timing the release of a limited length of two 
separate supersensitive films traveling at high speed can be 
avoided. 


Kaman J. DeJunasz.‘ The investigation of the authors has a 
considerable value not solely for the information concerning the 
impact phenomena as such, but beyond that, also for the data 
covering the entire field of elastic transient phenomena which 
obey the differential Equation [3] of the paper. Besides elastic 
rods and springs these also embrace ‘‘water hammer’ in hy- 
draulic conduits, injection phenomena in Diesel engines, and 
surges in electric circuits. 

The experimental confirmation of the theoretical predictions 
for impact will strengthen the confidence in applying the theo- 
retical method to cases in which experimental methods are not 
readily applicable. 

At The Pennsylvania State College our interest centers mainly 
on injection phenomena in Diesel engines. For this research, a 
graphical method has been developed which is easier to apply 
and gives a clearer picture than the mathematical analysis. 
Subsequently this method has been applied also to surges in 
elastic columns and springs. 

For those working in this field, a study of the treatise’ de- 
scribing the method and of the several papers given in the accom- 
panying bibliography may be of interest. At this time, only the 
diagrams of the cases treated by the authors will be given as 
follows: 

1 Fortwo bars of equal length and cross section (Figs. 1, 2, and 
3 of the paper) but having flat ends contacting simultaneously 
over the entire area, the velocity-strain diagram is given in Fig. 1 
of this discussion, and the stereograms of velocity and strain, 
as a function of location and time, in Figs. 2 and 3. Cross sec- 
tions of these stereograms parallel with the time axis will give the 
history of velocity, with respect to strain, at any given cross sec- 
tion of the bar. It is readily seen that, after the elapse of 2 L/a 
interval, the two bars separate, the impacting bar comes to a stand- 
still and the impacted bar will assume the original velocity of the 
impacting bar. 

2 For two bars of equal length and cross section, but with flat 
ends contacting simultaneously over their entire area, the other 
end of the impacted bar being fixed (Fig. 5 of the paper), the 
velocity-strain diagram is given in Fig. 4 of this discussion, and 
the stereograms of velocity and of strain in Figs. 5 and 6. It 
shows, in conformity with the experimental results, that the 
strain of impact doubles on reaching the fixed end, and that 
the two bars separate after the elapse of 4 L/a interval after the 
beginning of the impact. The impacting bar will then assume 
an equal and opposite velocity to that of its original velocity. 
The negative (tensile) strain shown in Fig. 5 of the paper is not 
explained by the theory, and on this further explanation is re- 
quested. 

3 For astationary, free, long bar impacted by a moving short 


‘Professor of Engineering Research, The Pennsylvania State 
College, State College, Pa. Mem. A.S.M.E. 

5 “Graphical Analysis of Surges in Mechanical Springs,’’ by K. J. 
DeJuhasz, Journal of The Franklin Institute, vol. 226, no. 4, Oct., 
1938, pp. 505-526; vol. 226, no. 5, Nov., 1938, pp. 631-644; also, 
“Graphical Analysis of Free Vibrations of Helical Springs,”’ vol. 227, 
no. 5, May, 1939, pp. 647-672. 
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bar of equal cross section (Fig. 4 of the paper), the velocity- are no variations over a cross section of the bar. The wave F very 
strain diagram is given in Fig. 7 of this discussion, and the stereo- supposed to travel at constant velocity without change of form, J requ 
grams of velocity and strain in Figs. 8 and 9. It is shown that, but this is a consequence of the planeness. Then too, Sait! T 
in the long bar, compressional and tensional strains alternate with Venant’s principle is introduced to justify the transition from the poin 
strainless periods. local condition at the rounded end of the bar to the plane wave thei: 

Allowing for the unavoidable contamination always present in further on. > insi 


experiments as compared with the pure assumptions of theory, As to the first point, wave propagation in rods can be invest: J into 
the experimental results confirm the theoretical method. It is gated without restriction to plane waves.’ It is found that onl) 
suggested, however, that making the impacting ends of the bars _ sinusoidal waves, with a wave length long compared with the 
spherical introduces a seemingly unnecessary complication into diameter, are propagated as plane waves with velocity VE » 
the experiments, which would be avoided by using flat ends, The shorter sinusoidal waves involve variation over the crs 
taking all possible care that the impact takes place simultane- section and have velocities varying with the wave length. 4 
ously over the entire area. group of these waves, if generated, would constitute a nonplane 
It may be of interest to state that the case of impacting bars of | wave which changes in form as it is propagated. Such effects 
different cross sections is also readily susceptible of graphical would be pronounced in a wave with a steep front. Possibly, 
treatment. Such cases have been treated by Boussinesq ana- however, the wave forms in the authors tests were not steep 
lytically, and subsequently by L. Bergeron® graphically. on the seale of the diameter. 
As to the second point, the question is whether there is 4!) 
J. N. Gooprer.’? The development of strain gages suitable for _ evidence to support the extension of Saint Venant’s principle from 
registering the sudden strains of impact raises the question of  statical to dynamical stress systems. In view of the properti 
what is a suitable means of calibration? The authors have of short sinusoidal waves, it appears likely that the steepness 


naturally chosen what appears to be the simplest type of impact | the wave front, or the suddenness of the impact, will have som i The 
for which analysis is possible. Nevertheless, even this case, the importance. In some photographs of impact waves in a bakelité 4 and 
longitudinal impact of rods, presents difficulties. First, the bar, taken by T. R. Cuykendall at Cornell University, pls ; prob 
accepted theory, as used by the authors, involves the assumption waves appeared to be the exception rather than the rule. i: are d 
of a plane wave, i.e., a wave in which, at a given instant, there Avurnors’ CLosuas i P 
san Prolene As Profomor DeJubas suggests the phenomens would wi 
on onaes anes, y L. HDergeron, fl nternation ongress s@ zhi p int 
for Applied Mechanics, Cambridge, Mass., 1938, pp. 694-699. pler if it were ible to use flat-ended bars which come : & VA 
7 Professor of Mechanics, Department of Mechanics of Engi- 8 ‘Mathematical Theory of Elasticity,”” by A. E. H. Love, = f Yette 
neering, Cornell University, Ithaca, N. Y. Mem. A.S.M.E. edition, Cambridge University Press, London, England, 1927, P- 2st v 
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BOOK REVIEWS 


contact simultaneously all over their ends. However, the early 
investigators of impact, notably Saint Venant, attempted to 
secure this condition, without success and, as is pointed out by 
Sears in his paper, there are difficulties both practical and theo- 
retical in the way of attainment of this idealized condition. In 
tests on tension impact we have observed a rise of strain from 
zero to & Maximum within about 20 microseconds, indicating 
that in this case contact was established fairly rapidly over the 
impacting surfaces. 

As Professor Goodier remarks, the question of calibration un- 
der dynamic conditions is a real problem for strain gages. We 
have recently changed at M.I.T. from carbon strips to gages em- 
ploying fine wires as the strain-sensitive resistance element, and 
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with these new gages feel confident on the bases of tests made to 
the present time that the response of these gages is not dependent 
on the rate of straining, thus allowing the use of the static cali- 
bration of the gage, and an electrical calibration of the rest of the 
equipment. This question is now being actively studied. 

With regard to the question of change in wave form as the wave 
propagates, we may remark that for the only moderately steep 
wave fronts considered in this paper (several feet in length) any 
such effect is unimportant even in repeated passages through a 
6-ft bar. However, in other experiments in which the wave 
front was only a few inches long, some evidence of such distor- 
tion has been observed, though it is still hardly appreciable in a 
single passage through a 6-ft bar of this diameter, 1!/1. in. 


Mathematical Methods in 
Engineering 


MATHEMATICAL METHODS IN ENGINEERING. By Th. von Karman 
and Maurice A. Biot. First edition. McGraw-Hill Book Company, 
Inc., New York, N. Y., 1940. Cloth, 6 X 9in., xii and 505 pp., $4. 


REVIEWED BY ALBERT E, HeErns! 


[® recent years there have been many attempts on the part of 

the pure mathematician to write a textbook on applied mathe- 
matics which would fit the requirements of the engineer and 
physicist. These texts have usually been so written that certain 
mathematical topics beyond the elements of the calculus are dis- 
cussed and only superficial applications are indicated. On the 
whole this procedure has been quite unsatisfactory since there are 
very few pure mathematicians who appreciate the mathematical 
requirements of the applied scientist. 

The textbook by von Kdrmd4n and Biot is unique from several 
points of view. Both authors are applied mathematicians in 
their own right. Their work in mechanics, pure and applied, and 
in similarly related topics has given them a much deeper insight 
into the mathematical requirements of the engineer. Further- 
more instead of forcing mathematical methods to fit physical ap- 
plications, they build their discussion about one central physical 
topic, mechanics, and then discuss the various mathematical 
methods used in this and similarly related fields. 

The material which the authors have chosen to discuss forms 
an excellent intermediate text on mathematics for engineers or 
physicists. On the mathematical side, we find a discussion of 
linear and quadratic forms, matrices, ordinary differential equa- 
tions, certain simple partial-differential equations, boundary 
value problems, harmonic analysis, transient phenomena, opera- 
tional calculus, and equations of finite differences. Due attention 
is given to approximate and graphical methods. These mathe- 


 Matical methods are in turn applied to many interesting prob- 
) lems in dynamics, structures, and related engineering problems. 


The text is essentially a discussion of mechanics of rigid bodies 
and continuous media, and some electric-circuit theory. The 
problems, with the exception of a few mathematical exercises, 
are drawn mainly from mechanics and to a lesser extent from the 
electric-cireuit theory. 

The discussion of mechanics should make a mark for itself 
with the engineers and the physicists in the same way that the 


‘ Assistant Professor of Mathematics, Purdue University, Lafa- 
yette, Indiana. 


Book Reviews 


classical text of Paul Appel ‘‘Traité de Mécanique Rationelle” 
has made with the applied mathematicians for the last four 
decades. The present authors, however, have taken pains to 
add a more practical flavor and modern dress to their discussion 
of mechanics than is to be found in Appel’s treatise. The authors 
are to be commended for bringing so many important mathe- 
matical methods to the attention of the applied scientist. The 
book is clearly written and careful attention is given to defini- 
tions of mathematical and physical character. The problems 
are well chosen and graded. Here the student will occasionally 
meet his Waterloo. Von Karman and Biot have written a text- 
book which is a contribution to mathematics as well as to the 
applied sciences. 


Thermodynamics 


SpeEZIFISCHE WARME, ENTHALPIE, ENTROPIE UND DISSOZIATION 
TECHNISCHER GasE. By E. Justi. Julius Springer, Berlin, 1938. 
Paper, 10!/4 X 7 in., vi and 157 pp., 43 figures and 116 tables, 
19.80 rm. 


REVIEWED BY JOHN A. GoFF? 


For many years since the suggestion as to the quantum na- 
ture of radiant energy was put forward as a hypothesis by 
Planck in 1900, the development of the quantum theory has been 
regarded as the plaything of the physicist. Little of real practical 
value was expected from this development even by the physicist 
himself and the attitude of the engineer has been one of indiffer- 
ence and aloofness. But along with the development of the quan- 
tum theory have come notable improvements and refinements in 
the mathematical apparatus of statistical mechanics. The result 
has been that now the physicist is in a position to predict, in many 
cases with greater accuracy than that with which the engineer 
can measure by calorimetric methods, the properties of substances 
entering into the processes with which the engineer is directly 
concerned, and to answer questions whose solution by empirical 
methods would require much time and elaborate experimental ap- 
paratus. As one of the first attempts to explain to the engineer 
the nature of the physicist’s predictions, to collect and compre- 
hensively review for him the data already available in the litera- 
ture, and to suggest what further contributions may be expected 
in the future, the book under review is indeed timely and valuable. 
Of first importance, perhaps, are the predictions of quantum- 
theory and statistical mechanics regarding the thermodynamic 
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properties of gases at low pressures or, more precisely, at zero 
pressure. The principal source of the numerical values obtained 
is the analysis of band spectra. According to the quantum theory, 
the frequency v of each observed spectral line corresponds to a 
transition from one energy level to another such that Ae = hy, 
where h denotes Planck’s constant. When the various modes of 
internal motion of which the molecules of a gas are capable have 
been enumerated and analyzed, it is usually possible to “‘inte- 
grate’’ the spectrum in such a way as to obtain for each individual 
mode a series of energy levels ¢; which, beginning with an unde- 
terminable ‘“‘ground-level”’ value ¢o, increase by integral multiples 
of the energy quantum appropriate to that particular mode. The 
author bri-fiy describes the various methods of determining these 
energy levels from spectroscopic measurements. 

Having determined the whole series of energy levels for each 
mode of internal motion, the problem is to estimate the fraction 
of all molecules occupying each level at any given temperature. 
Statistical mechanics solves the problem by showing how to con- 
struct for each mode a “‘partition function’”’ Z such that the con- 
tribution to the free energy, F = U — T'S, of an aggregate of NV 
molecules in statistical equilibrium within a volume V is 


AF = —kNT In Z 


where k denotes Boltzmann’s constant. The form of the parti- 
tion function, except in the case of translational motion, is 


Z e kT 


Applying the identical relations of thermodynamics in order to 
determine the corresponding contributions to the energy U and 
entropy S and examining the results, one obtains deductions of 
practical as well as theoretical importance. 

In the first place it appears in accordance with the reasoning 
of classical thermodynamics that the contribution to the energy 
can only be evaluated to within an additive constant quantity 
Neo which is the value of the energy contribution at absolute 
zero (J = 0). In the second place, however, the corresponding 
entropy contribution is entirely independent of the value assigned 
to Neo and indeed its value at absolute zero is absolutely zero. 

The last deduction evidently contains the essence of the so- 
called Third. Law of thermodynamics, but in attempting to cor- 
relate it with direct experimental data complications often arise. 
Thus, there may be energy separations satisfying the inequality 
€; — €0 <kT at the lowest experimentally accessible temperatures 
and, if so, the contribution to the entropy will still have a finite 
value at these temperatures. Such ‘“‘degeneracy” or ‘multiplicity 
of the ground level” actually occurs in the rotational levels (ex- 
cept in the case of hydrogen), also in the vibrational, electronic, 
and nuclear-spin levels. And there are other ways in which ob- 
servations at accessible temperatures on actual gases must be 
corrected. To mention only one, even at the lowest accessible 
temperatures, ordinary hydrogen remains a mixture of two allo- 
tropic modifications though if held at still lower temperatures for 
a sufficiently long time or properly catalyzed the modification 
with nuclear spins symmetrical would presumably disappear and 
the entropy contribution would tend to vanish in accordance with 
the Third Law. The author mentions the more important of 
these corrections, but his discussion leaves much to be desired. 

The final step leading to absolute values of entropy for a gas 
is the analysis of the contribution from translatory motion. In 
this case also statistical mechanics predicts “‘degeneracy”’ so that 
even though the entropy contribution remains finite down to 
extremely low temperatures, possibly of the order of 0.001 deg K, 
nevertheless at still lower temperatures it tends to vanish in ac- 
cordance with the Third Law. At temperatures above this range 
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figures for damping capacity are four times those which app? 7 


of degeneracy the entropy contribution from translational motion 
is correctly given by the Sackur-Tetrode equation. It is the only 
contribution which depends upon the volume. 

In the second part of chapter 3 the author assembles and dis- 
cusses the available data on something like forty different gases, 
Wherever comparison with direct calorimetric determinations of 
specific heat is of value or special interest, such comparison js 
made. The Third Law as first formulated by Nernst and later 
reformulated by Lewis and Randall was intended to apply only 
to the crystalline solid state. Again statistical mechanics has 
shown the necessity of applying corrections in many cases for the 
existence of energy separations e; ——- «>< kT at the lowest ex. 
perimentally accessible temperatures, but when such corrections 
have been estimated and applied the entropy of the solid at 
absolute zero may be taken to be absolutely zero as in the case of 
gases. This provides the basis of a most interesting comparison 
between the value of the entropy for a gas obtained from analysis 


of its band spectrum, and that obtained by extrapolating low. | — 


temperature specific-heat data on the solid phase to absolute zem 
for a starting point, adding entropies calculated from observed 
specific heats and latent heats through vaporization, and finally 
adding a correction for the effect of intermolecular forces which 
may be appreciable if the resulting vapor pressure is not su’ 
ficiently low. In all cases where the requisite calorimetric dats 
are available, the author makes this comparison and thereby in- 
creases confidence in the accuracy of the predictions of statistica 
mechanics. 

Yet another comparison is obtained from vapor-pressure meas 
urements which the author discusses though not with too muct 
clarity. Unfortunately, also, in the tables many errors have bees 
carried over from the original sources and a number have beet 
added so that the reader must exercise considerable discretion it 
the use of the data listed. Thus the values listed for monatomr 
hydrogen in Table 86 are not “Reduced Free Enthalpy” # 
stated, for they omit the contribution from electron spin and par 
of the Sackur-Tetrode constant. Again the data in Table 51b fe 
CO are all in error in view of subsequent recalculations. 

The collection and discussion of the data from spectroscopt 
measurements is doubtless the most valuable part of the book 
though scarcely less valuable is the matter of chapter 2. Her 
one finds an excellent discussion of the empirical equations of stst 
of van der Waals and of Berthelot, particular attention bei 
given to the latter by way of comparison with direct experiments 


data. There is also a discussion of the semiempirical equatio= — 


of Callendar, Wohl, and Beattie-Bridgeman. The evident pv 
pose of these discussions is to provide means of correcting t® 
spectroscopic data, which are strictly applicable at zero pressu" 
only, to allow for the effect of intermolecular force which enter: # 
moderate to high pressures. 


Finally, the author makes a real contribution to the thermo" ; 


namics of gas mixtures by clearly stating the problem and the 
briefly summarizing what has been accomplished to date in t® 


way of verifying the various proposed combination rules 4 


evaluating the so-called interaction constants. 


The book is well documented and, as stated, presents a time) 
and valuable treatment of a subject which is destined to find® = 


creasing application in engineering. 


Errata 


In TaBLe 1 on page A-39 of the March, 1940, issue of > 
JouRNAL oF AppLieD Mecuanics the figures for specific damp™~ 


capacity should in every case be twice the corresponding fige" 4 


for logarithmic decrement, instead of one half, so that the cor™ | 


in this column. 
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The Impact of a Mass Striking a Beam 


By E. H. LEE,! STANFORD UNIVERSITY, CALIF. 


The integral equation for the horizontal impact of a 
mass on a beam was developed by Timoshenko in 1912. 
He showed that any such impact problem can be solved 
provided sufficient patience and tenacity are applied in us- 
ing the tedious numerical method of solution by dividing 
the time into small increments during which the contact 
force can be considered constant. This method is too 
lengthy to be applied in practice, and moreover, a solution 
is required giving characteristics of the impact as a whole, 


rather than slowly progressing through its duration with 


no indication of the future development of the impact. 
In the first part of this paper a concise approximate solu- 
tion is developed, making the assumptions that the dura- 


_ tion of contact is small in comparison with the period of 


the fundamental mode of vibration of the beam, and that 
only the fundamental mode of oscillation of the beam need 
be considered. Results obtained by this method are 


checked against those determined by the lengthier nu- 


merical method. Good agreement is reached in some ex- 


Pisces oot attempts have been made to determine the 


stresses and deflections produced when a mass strikes a 
beam. The most popular approach has been from energy 
considerations, using the transformation of the kinetic energy of 


) the striking mass into potential energy of bending in the beam, 
) with some estimate of energy loss due to impact. 


Saint Venant 
(1)? carried out a more thorough investigation in which he as- 


sumed that, immediately on contact, the mass became part of 


the beam and moved with it. He considered the general prob- 


lem of the modes of vibration of the beam and attached mass, 


}from which he obtained the special solution satisfying the initial 
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Ptatic loading only. 
Hraverse the region of contact is extremely small compared with 


Mhe duration of contact in an impulse, sensibly equilibrium 
and the 


condition of impact, the mass moving with velocity » and the 
Hbeam at rest. 


A completely satisfactory equation of motion was evolved by 


#Timoshenko (2) using only justifiable assumptions. This equa- 


tion includes the effect of local elastic deformation at the point of 


}contact using the relationship a = kF’/* developed by Hertz (3), 


Where @ is the relative approach of the two bodies in contact, F 


Ms the compression force between them, and k is a constant de- 
pending on the radii of curvature at contact and on the elastic 


roperties of the bodies. This relationship is strictly true for 


However, since the time for stress waves to 


onditions obtain in this region and the Hertz relation holds 
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amples, but other results show large errors, both in the 
contact compression force and in the resulting motion. 
Light was brought to bear on this difficulty by using a 
solution based on energy and momentum considerations, 
giving a curve which supplies a rapid determination of the 
distribution of energy among the various modes of vibra- 
tion of the beam. This curve gives directly the condition 
for the vibrational energy developed in the beam, due to 
the impact, to be confined mainly to the fundamental 
mode. This is shown by examples to be the required con- 
dition for the validity of the previous approximate method. 
The solution using energy and momentum considera- 
tions is developed to give the motions of the beam and 
mass resulting from the impact (free vibrations in the 
beam and uniform velocity of the mass) so that the subse- 
quent development of the impact can be ascertained and 
repeated impacts dealt with. The investigation also gives 
the deflection curves of the beam produced by the impact; 
these show a wide deviation from static-deflection curves. 


good. A further simplification is that the vibration of the 
striking mass can be neglected. Rayleigh (4) showed that very 
little vibration is induced in an oscillating system under the 
influence of forces of duration long in comparison with its natural 
periods. This condition is obeyed by the striking mass since the 
natural frequencies of a solid body are extremely high, thus 
eliminating the necessity of considering its vibration. 

The theory of horizontal’ impact on beams can be developed 
in a general manner for impact at any point along the length of 
a beam and for various conditions of support. To simplify the 
theory, the problem of central impact on a uniform beam simply 
supported at its ends, as shown in Fig. 1, is considered in the body 
of this paper, the general case being dealt with briefly in the 
appendix. 


--MASS m 


CrenTRAL Impact ON A Untrorm Bream Stmpty 
aT Its Enps 


Fie. 1 


In order to simplify subsequent elaborations, the fundamental 
integral equation is developed. It represents mathematically the 
equality between the approach of the mass and the beam in 
terms of their relative motion, and the approach as deduced from 
Hertz’s law, a = kF’’*. 

Measuring displacements from the positions of the mass and 
the beam when contact commences, s denotes the displacement 
of the striking mass and 7 that of the center of the beam. Then 
the relative approach a, as shown in Fig. 2, is 


* Horizontal impact is discussed to eliminate gravity considerations. 
Actually, the impact duration is so brief that gravity would have no 
appreciable effect on the motion during impact so that the theory de- 
veloped can also be applied to problems of vertical impact. 
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The term F(r) represents the contact compression force as a 
function of the time, in terms of which the displacements of 
the mass and the beam can be expressed. Denoting the mass of 
the striking body by m, the diminution of its velocity during the 
interval dr is [F(r)/m]dr, which contributes a decrease in the 


displacement at the time ¢ equal to [F(r)/m]dr(t — r). Thus 
the displacement at the time ¢ is given by 
1 
8 = oof — — —r)dr...... [2] 
where 0% is the initial velocity of the striking body. 
ft TIME 
\ 
‘ 
[ Fr) ar 
s 


3 
2 


t 
F(r)(t-r)dr 


t 
- 


Fic. 2 MEASUREMENT OF BEAM DISPLACEMENTS 


The forced vibrations produced in the beam by the varying 
force F(r) at the point of contact are expressed in terms of the 
normal modes of vibration. In the case of symmetrical vibra- 
tion of a simply supported beam, the normalized characteristic 
deflection functions‘ are +/(2/l) sin (nxz/l) for n = 1, 3, 5, ete., 
where z is the coordinate of position along the beam of length 1. 
The corresponding angular frequencies of the natural modes of 
vibration are w,, related by the equation w, = nw. 

: The central deflection 7 due to the forced vibrations is given by 
(5) 


qf, On 
n=1,3,5 


where q is the constant mass per unit length of the beam. q//2, 
denoted by M, is called the reduced mass and in this particular 
case is equal to half the mass of the beam. 

Substituting Equations [2] and [3] in Equation [1] gives the 
integral equation for the contact force variation from which the 
motion can be determined, that is 


4 The characteristic function u(x) of a mode of vibration is normal- 
ized by multiplying it by a constant so that f7! [u(z)]?dz = 1. In 
vibration theory, normalized characteristic functions are used to 
simplify the algebra. 
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= vot — f F(r)(t — r)dr 
0 


= 1 t sin w,(t — r) 


n=1,3,5 


Due to the nonlinear term, kF’/*, direct solution is possible only 
by a tedious numerical method. The duration of the impact 
is subdivided into small increments of time during which F can 
be considered constant for the purpose of integration. Knowing 
that F is always positive and initially zero, the solution can be 
developed using a step-by-step process in which the value of F 
at the end of an interval is obtained in terms of the integrals on 
the right-hand side of Equation [4] determined by numerical 
methods. 

Although this method is very lengthy, it does supply a possible 
solution of any impact problem, sufficiently small time intervals 
providing any desired degree of accuracy. Characteristics of vari- 
ous types of impact are shown in the solution of different prob- 
lems, but this method does not indicate the general factors lead- 
ing to these special characteristics. For example, it is found that 
in certain circumstances the complete impact consists of « suc- 
cession of separate rapid impacts; the whole occurs in a very short 
time and appears as one contact to an observer. This process can 
be easily visualized in the case of a large mass striking a beam. 
At the first impact, the relatively light beam bounces off the 
oncoming mass, only to have its motion reversed by its own 
elasticity and thus encounter repeated impacts, until the velocity 
of the mass is reversed and it leaves the region of vibration of the 
beam. That such repeated impacts occur has been shown experi- 
mentally by Mason (6), Arnold (7), and Tuzi and Nisida (8). 
This type of impact is indicated in the step-by-step solution of 
certain problems; but it would be quite impossible to solve a 
sufficient number of cases with different masses, natural fre 
quencies, and contact surfaces, in order to arrive at general condi- 
tions for its occurrence. In order to study such characteristics, 
recourse must be made to solutions in terms of functions of time, 
even if they can only be obtained under certain restrictions. 


APPROXIMATE SOLUTION ASSUMING SHorT IMPACT 
DvuRATION 


J. Lennertz (9) developed a concise method of solution by 
considering each impact as a whole rather than as a succession of 


m MASS ™ 
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“sREDUCED MASS M 


ANGULAR FREQUENCY 
OF MASS M ON THE 
SPRING IS &, 


ANGULAR FREQUENCY 
FOR FUNDAMENTAL 
MODE |S w, 


Fic. 3 ASSUMPTION FOR THE APPROXIMATE SOLUTION 


steps, but the method is restricted by additional assumptions. 
He assumed that the duration of contact is small compared wit 
the period of the fundamental mode of vibration of the beam 
and also that the fundamental mode only is stimulated into 
activity. The first assumption is justified in most impact 
problems and, moreover, is easily checked, but the decision 
whether or not it is permissible to neglect the effect of the higher 
modes of vibration of the beam is more difficult. The latte! 
assumption is equivalent to replacing the beam by the om 
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LEE—IMPACT OF A MASS STRIKING A BEAM 


degree-of-freedom system of a mass on a spring as shown in 


“Fig. 3. 


The method developed in this paper is an improvement and 
further development of the one used by Lennertz, since his solu- 
tion did not utilize the best approximations, and in addition 
contained some errors. His basic assumptions are retained. 

The method of solution is to assume a sinusoidal contact- 
force variation F = K sin dr which enables the integrals in 
Equation [4] to be evaluated, thus transforming it into an alge- 
braic equation. Values of K and X\ are required which satisfy 
this equation for all values of the time ¢ during the impact. 
Having made some simplifying approximations, two simultaneous 
equations for K and \ are obtained by equating coefficients of 
sin A and ¢, so that the equation is satisfied for all t. The approxi- 
mate value of F so obtained can be improved by a method of 
successive approximation. 

Since F = K sin Ar cannot become negative, contact occurs for 
0 < x, so that the duration of contact is Tp = sec. 

Substituting the sinusoidal variation for F and evaluating the 
integrals, Equation [4] becomes 


1 
k(K sin = vot — — — — sin 
m 


K Xsin ait — sin A 
bearing in mind the initial assumption that only the fundamental 
mode of vibration is to be considered. 

Equation [5] is still too complicated for direct solution. Some 
simplification can be made by writing af for sin at, since af re- 
mains small. This results from the assumption that the impact 
duration x/\ is short compared with the period 27/w, of the funda- 
mental mode. In addition the sin’/* \¢ in k(K sin d)*/* ean be 
approximated by A sin At; where A is chosen so that the new con- 
tact-force variation, which makes a = kK’/*A sin dt, produces 
the same total change of momentum in the striking mass as did 
K sin Mt. This condition expressed mathematically becomes 


sin = A f sin’/? which gives A = 1.093. 
0 0 


Inserting these simplifications, Equation [5] becomes 


sin Mt = — — sin 
dX? 


m 


1 
(At — sin AL). . [6] 


. Equating the coefficients of sin At and ¢ on each side gives two 
simultaneous equations for the determination of K and A, that is 


K_K 
mx M \2—w;? 
A = K + K = 
md? M 


0 = — 


Eliminating K 


ae approximation for \ can be obtained from this equation 
y first obtaining \, when w,? is neglected in comparison with \? 


(mt)? 
Atkin?M? 


= 


A-131 


Now \, is substituted in Equation [8] to obtain \, which will 
be a good approximation to the correct value of X. 
Then K is determined from the first of the simultaneous 
Equations [7] which transforms into 
mM)(d? — 


(10) 


The value thus obtained for contact pressure K sin Ar can be im- 
proved by using a method of successive approximation derived 
directly from Equation [4]. If F,(r) is an approximate solution 
of the integral equation, then a better’ approximation F,, + 1(r) 
can be obtained from the equation 


1 t 
1(t) = vot — Fy(r)(t ~ r)dr 
m 0 


1 $ sin — 
M f On 
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bic. 4 Comparison or Contact-Force Variations Usine Timo- 
SHENKO’'S SMALI-INCREMENT METHOD AND THE AUTHOR'S APPROXI- 
MATE SOLUTION 


In adopting this process of successive approximation, the first 
step is to find F; when Fy) = K sin Xt. In the theory developed in 
the foregoing, the right-hand side of Equation [11] for Fo(r) = 
K sin Xr, was equated to kK’*/*A sin dt, as shown by Equation [6]. 
Thus Equation [11] reduces to 


= kK’/*A sin M 
or 


P,(t) = {12} 


But F2(r), a better approximation, can be obtained by expressing 
sin’/* \t in a Fourier series for evaluation of the integrals on the 
right-hand side of Equation [11] when u = 1. In most cases the 
assumptions on which the method is based do not justify the ex- 
penditure of the time required to calculate F2(r). 

Results, obtained by applying this approximate method to the 
problem solved by Timoshenko (2) using the lengthy small- 
increment procedure, agree well as shown in Fig. 4. In this 
problem m = 32.24 grams, M = 61.1 grams, » = 1 em per sec, 
and = 27 10° 

Fig. 5 shows the contact-force variation obtained in three 
different ways for the case of a 50-lb weight striking a beam of 
total weight 298.5 lb. The angular frequency of the fundamental 
mode of vibration is 531 sec! and the initial velocity of the 


5 For a nonlinear equation the convergence of this process is some- 
what indefinite, but it appears to be convergent if Fo(r), the first 
approximation, is reasonably close to the correct force variation. 
For a linear equation this procedure is convergent whatever expres- 
sion is chosen for Fo(r). 
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striking mass is 11 fps. This problem was solved by the small- 
increment method taking 360 intervals during the period of the 
fundamental mode. The solution was obtained in this manner 
both for the actual conditions when all the modes of vibration 
can be excited, and for the related problem dealing with a system 
of one degree of freedom corresponding to the fundamental mode 
of the beam. Fig. 5 shows that the approximate method of solu- 
tion developed in this section gives a force variation F;(r) lying 
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Fic.5 Contact-ForcE VARIATIONS OBTAINED IN THREE DIFFERENT 
Ways FoR THE Case OF A 50-LB WEIGHT STRIKING A 298.5-LB BEAM 


very close to that obtained using the small-increment solution 
for the one-degree-of-freedom system. These curves, however, 
show much larger contact forces than are developed during im- 
pact on a beam when all the modes of vibration can be stimu- 
lated. This indicates that for the particular problem considered, 
the error in the solution lies not in the mathematical approxima- 
tions adopted but in the physical assumption that only the funda- 
mental mode of the beam affects the impact process. 

From this example it is clear that if this approximate method 
of solution is to prove useful, some criterion must be found which 
will give conditions justifying the assumption of the equivalence 
of a one-degree-of-freedom system. Such a criterion is evolved 
from the energy considerations of the following section. 


SoLuTion By ENERGY AND MoMENTUM CONSIDERATIONS 


An important contribution to the understanding of impact 
characteristics was made by Zener and Feshbach (10) in their 
considerations of energy transfer. By combining the principle of 
conservation of energy* during the impact, and momentum con- 
siderations for the striking mass, the resulting velocity of the 
mass was determined and also the vibrational energy developed 
in the beam. Solution of the nonlinear integral Equation [4] 
was replaced by assuming a function for the time variation of the 
contact force normalized in such a way that the final motion was 
insensitive with respect to the choice of this function. 

In the present paper this manner of handling the problem is 
further developed to probe more deeply into the impact process, 
leading to a simple determination of the energy spectrum of the 
beam (i.e., the distribution of energy between the normal modes 
of vibration) and also giving the resulting motion of the beam and 
striking mass. The former consideration has an important bear- 
ing on the validity of the previous approximate solution, leading 

¢‘ Throughout this paper elastic impact is considered, assuming 
that the stress in the contact region does not exceed yield-point stress. 
Although energy is conserved, the usual concept of loss of kinetic 
energy by the striking mass holds good, the ‘‘lost’”’ energy going into 
vibration of the beam. 
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to conclusions which are confirmed by the few specific impact 


problems which have been solved by the reliable but lengthy F 
small-increment method. 

The procedure in the application of the principle of conserya- 
tion of energy is to assume a contact-force variation in terms of 
which the energy imparted to the beam can be represented. An 
equation is obtained by writing this energy expression equal to qT 
the kinetic energy lost by the mass. Using momentum considera- Fi 
tions for the striking mass, the force variation is transformed 
into a normalized function which largely eliminates errors due to | 
the arbitrary choice of the force function. The energy equation sio 
then gives directly the rebound velocity of the mass and the Eq 
energy absorbed by the beam. 

Any symmetrical vibration of a simply supported beam can be 
expressed (11) as a series of characteristic functions in the form 

u(z,t) = C,,(t) sin = {13} the 
n=1,3,5 
where u(z,t) represents the displacement of the section at the vibr 
distance zx from the end of the beam, and at the time ¢t; C,(t) is 
the generalized coordinate of the nth mode of vibration. 

If a force variation F(t) is applied at the center of the beam, lr 
normal to its length, the generalized force stimulating the nth duce 
mode is given by F(t)</(2/l) sin nx/2 which reduces to 
V(2/)(—1)"- )/2F(t), and the corresponding differential 
equation determining the motion is 

+, C, = (—1) 2 F@).......[14) whee 
brati 
where q is the mass per unit length of the beam. 

Assuming the beam to be initially at rest at the time 4, wher 
the force commenced to act, the solution of this equation giving 
the vibration produced in the nth mode is 

= sin r)F(r)dr (15 Sin 
l Wn to strikiy 

The development of this solution is similar to the developmen! 
of Equation [3]. 

The vibrational energy absorbed by each mode is composed ( Now | 
the sum of kinetic energy and strain energy of bending at a par ing th 
ticular time. The kinetic energy for the nth mode is equal t 
(q/2)(dC,,/dt)*, the strain energy equals (q/2)w,?C,? making th 
total energy, AEZ,, equal to 

dt pressio 

Substituting the value of C, from Equation [15], the ener F- be d 

absorbed by each mode during impact is i ba 

AE, = — F(r)e""" dr| ..... choice 

St contact 

where ¢; is the time when contact ceases. _ FP from th 

Errors resulting from ignorance of the contact-force variati! the 
F(r) can be largely eliminated by expressing F(r) in the form ol} - corresp, 
normalized force. To this end e, a restitution coefficient, "PF  jato4 di 
defined by expressing the rebound velocity of the striking ™*F 40... ck 
in the form evo, which is positive when its direction is opposite" F would g 
that of the initial velocity vo. The total change in the mome'F energy 
tum of the mass produced by the contact force is then ever, sin 

could n 
force fuy 


mu(1 + = . 


. 
4 
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Now, defining the normalized contact force #(r) by the relation 
F(r) = mv(l + e)#(r), the momentum Equation [18] becomes 


The advantage of this transformation is that only the shape of the 
§(7) curve is arbitrary, the scale being restricted by the condition 


ti 
[ #(r)dr = 1, thus minimizing errors in assuming an expres- 


sion for the contact-force variation. Substituting for F(r), 
Equation [17] becomes 


2 2| 
AE, = + e)? | Br)?" dr 
ql to 


The total vibrational energy of the beam is equal to the sum of 
the energies in the separate modes of vibration, i.e., the total 


vibration energy AK = AE,,. 
n=1,3,5 
In order to simplify the development, the function FR is intro- 
duced, and defined by the equation 


@o 
m | 
M 
n= 1,3,5, 


R 


where M = gl/2 is the reduced mass of the beam. The total vi- 
brational energy AE now reduces to 


AE = AE, = moh (1 + = E(1 + [22] 
n=1,3,5 


where EZ represents the initial kinetic energy of the striking mass. 
Since energy is conserved AE is also the loss of energy of the 
striking mass, giving the equation 


Now AE/E can be eliminated from Equations [22] and [23] giv- 
ing the coefficient e in terms of the function R, or 


Using the theory developed in this paper, and assuming an ex- 


A 
pression for satisfying the condition B(r)dr = 1, Rean 


to 
be determined. This gives directly the coefficient e, the rebound 
velocity evo, and the energy absorbed by the beam. 

The remaining requirement is some indication for a suitable 


_ choice of #(7), which must approximate to the actual normalized 


_ contact force. Information in this direction can be obtained 


from the known Hertz (3) solution for impact of the striking mass 


) on the same beam, constrained so that it cannot vibrate. The 


corresponding normalized force variation #y(r) can be calcu- 


: lated directly. Although the vibration of the beam does produce 
} Some change in the normalized contact force, the Hertz solution 


Would afford a reasonable approximation for application in the 


energy solution. It is not convenient to use H(z) directly, how- 
: “ver, since its form is such that the integral for R in Equation [21] 
} ‘ould not be obtained. To overcome this difficulty, a simple 


force function is used which is chosen to conform approximately 
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Fic. 7 CurvE 


to the Hertz variation #,,(r). The function adopted by Zener 
and Feshbach(10) is 


= (: + cos 


for —T/2 Z r Z T/2, and 


= 0 
for |r| > 77/2. 


The parameter 7’ is chosen so that #;(r) has the same maximum 
ordinate as #,,(r). This condition gives T = 1.08737'y, where 
Ty, is the time of contact of the Hertz impact. Substituting 
#,(r) in Equation [21 ] leads to a comparatively simple expression 


_sin 


n=1,35, 


in which Q, is a nondimensional quantity equal to (w,/2x)T. 
The term Q, has a simple physical significance; it is the number of 
oscillations of the nth mode of vibration in the time T. In Fig. 6 


2 
anal is plotted against +/Q, for use in solving specific 
aa 


impact problems. 
For a beam simply supported at its ends, w, = n%w:; therefore, 
the corresponding Q, = n*Q:. Equation [25] becomes 


m sin (rn?Q:) 
n=1,35, 


It can be shown that in the limit as Q, > 0, R— @ as Q,~ ‘/*, so 
that it is convenient to write 


| 
th 
n r)dr = 
1 
ve 
| 
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TABLE 1 


Small 
increment 

method 

50 lb, M = 149.3 lb 

11 fps, = 531 sec™ 

470 lb, M = 149.3 lb 

11 fps, o1 = 531 sec™! 

32.24 grams, M = 61.1 grams 

1 cm per sec, = 2x 103 sec™ 

258 grams, M = 122.2 grams 

1 cm per sec, = (x/2) 10% sec™ 

1.21 lb, M = 0.96 lb 

5.16 in. per sec, = 1,153 


-- 
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Fic. 8 VARIATION OF THE FuncTION G(Qi) 


Now G(Q;) remains finite for all values of Q; and its variation 
is plotted against +/Q, in Fig. 8. 

The determination of rebound velocity and energy absorbed 
by the beam for a specific problem is thus made very simple; 
Ty, is first obtained (12) giving immediately 7 and Q;. The 
value of G(Q;) is ascertained using Fig. 8 giving R using Equation 
[27] and e from Equation [24]. 

In order to have some check on the validity of the assumed 
normalized force, an identical development has been evolved us- 
ing the function 


T 


for —7"/2 Z r Z T'/2, and 
= 0 


for |r| > 

Again T’ is chosen so that the maximum ordinate of #,(r) 
equals that of #,(r). This condition gives T’ = 0.855 T'y. 
The integration for R is again quite simple giving 


where Q,’ = (w,/2x)T’, and is the number of oscillations of the 


2 
nth mode in the time 7’. Then ==) is plotted against 


i— 
VQ,’ in Fig. 7. The difference between the curves in Figs. 6 
and 7 is more apparent than actual when it is realized that the 
abscissas are different expressions in terms of 7'y, the funda- 
mental quantity defining this property of the impact. Trans- 
ferring points from the curve in Fig. 7 to Fig. 6, using abscissas 
/Q corresponding to the same value of Tq (the ordinate for 
/Q’ in Fig. 7 is plotted against +/Q in Fig. 6 using the relation 


T=1.087TH T = 1.0877 MH 
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REBOUND VELOCITIES AFTER THE FIRST IMPACT, CALCULATED BY DIFFERENT METHODS 


Vi 


III 
F;(r) Fi(r) 


Positive—reversed velocity 


1.068 0.745 
~7.320 ~8.120 
0.310 0.2878 
~0.5086 ~0.584 
—3.340 —3.686 


Mean of column 
(III) and 


0.943 
—7.690 


1.128 
—7.270 
0.312 
—0.4956 
— 3.320 


0.817 
—8.060 
0.286 
—0.580 
— 3.670 


0.298 
~0.544 
—3.500 


Q’/0.855 = Ty = Q/1.0873), the individual points plotted i 
Fig. 6 are obtained which lie close to the curve. This procedure 
shows that the marked difference between the two force varis- 
tions chosen has little effect on the energy absorbed by the beam 

As for the first force variation, the second one leads to the ex- 
pressions 


cos |? 
1— 4n‘Q,"? 


ix 


05 06 
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For convenience, F is expressed in the form 


where G’(Q,’) is plotted against +/Q,’ in Fig. 9. The method« 
solving a particular problem using this curve is the same as ths' 
explained using the function G(Q). 

Table 1 gives values of the rebound velocity after the first im 
pact, calculated by different methods for five specific problem 
enumerated in the first column. 

Column I contains values of rebound velocity obtained usint 
the reliable but tedious small-increment method. 

Column II gives values obtained using the energy metho 
described in this paper, assuming #,(r). 

Column IV assumes the second form of force variation ¥:(° 

Columns III and V assume load variations similar to #,(r) 3 
3.(r), respectively, based on a solution similar to Hertz’s sol 
tion, but containing some allowance for the vibration of the bes 
The development of this modified Hertz solution is given » 
Appendix 2. The only change which is thus introduced in t# 
method described herein is that 7 and 7” are calculated from Tx: 
(the contact duration for the modified Hertz solution) instead® 
using TH is. T = 1.0873 T wen; and 7” = 0.855 T wx. : 

Column VI gives the average of the values in columns III a 
IV, and in all the cases considered shows excellent agreeme” 
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with the velocities in column [. This mean rebound velocity 
seems to give the most reliable approximate value yet obtained. 

The errors shown by the differences between values of the re- 
bound velocity obtained in different ways should be considered 
in terms of the change of velocity rather than the absolute value. 
For example, in the first problem tabulated, the sphere is brought 
almost to rest, and errors introduced are errors in the total change 
in momentum, i.e., on a basis of 12 fps, and not on a basis of the 
absolute value of the rebound velocity. 

It has been shown that a reliable value for the rebound velocity 
(and so the coefficient ¢) is given by the energy method. This 
leads directly to a determination of the energy absorbed by the 
modes of vibration of the beam which is considered in the follow- 
ing section of this paper. 


Tue EnerGy Spectrum AND ITs SIGNIFICANCE 


Equation [20] shows the amount of energy absorbed in each 
mode of vibration of a beam after impact. This expression leads 
to a direct determination of the energy spectrum of the beam, 
giving the distribution of the total vibrational energy among the 
separate modes. It further produces a criterion for impacts in 
which the vibrational energy is stimulated mainly in the funda- 
mental mode of vibration. As was shown previously in this 
paper, such impacts can be dealt with satisfactorily by the ap- 
proximate method described, although the method itself gives no 
indication whether this assumption is valid for a particular prob- 
lem. Thus, using the energy method developed just previously, 
the group of problems to which the approximate solution is 
applicable can be determined. For this restricted group of im- 
pact problems the approximate solution is reliable for the contact 
duration and contact force. The impact force derived directly 
from the energy method, F(r) = mvo(1 + e)#i(r) or mvo(1 + e) 
3,(7) cannot be used as an approximation since it may differ 
appreciably from the correct value, although it gives excellent 
results for the subsequent motion. 

Substituting #,(r) for #(r) in Equation [20] 


sin (rQ,) |? 
rQ),(Q,?— 1) 


where E(m/M)(1 + e)? is independent of n, so that the distribu- 
tion of energy among the modes is proportional to the value of 


i 2 
ak . This can be taken directly from Fig. 6 by 


measuring the ordinates corresponding to the values of ~/Q,, ie., 
nVQi, n = 1, 3,5,ete. Fig. 6 is therefore the energy spectrum 
for the beam, the ratio of the energies in the modes being propor- 
tional to the ordinates for +/Q equal to Qi, 3\/Qi, Qi, ete. 

This investigation explains the apparent inconsistencies in the 
application of the approximate solution. The value of /Q, for 
the example corresponding to Fig. 4 is 0.434. Fig. 6 shows that 
the energy is distributed in the proportion 0.956 : 0.012 :0.00..., 
between the first, third, ete., modes. Thus, the energy is ab- 
sorbed almost entirely by the fundamental mode of vibration, 
and replacing the beam by a system with one degree of freedom is 
justified. In this case, as shown in Fig. 4, the approximate solu- 
tion shows good agreement. 

The example corresponding to Fig. 5 has +/Q; = 0.1729. Fig. 
6 gives the distribution of energy between the first few odd modes 
to be proportional to 1.00 : 0.908 : 0.470 : 0.040 : 0.00, so that to 
teplace the beam by a system of one degree of freedom would be 
expected to produce appreciably different conditions for the im- 
pact. This is shown to be the case in Fig. 5, in which the force 
variations for the beam and corresponding one-degree-of-freedom 
system are different, both being calculated by the small-increment 
method. The approximate solution shows excellent agreement 


~ 2 
AE, = Ex, (1 +e) | 
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with the force variation for the one-degree-of-freedom spring 
system which is, however, useless as an approximation to the 
beam-impact problem. 

It appears that the approximate method supplies a simple re- 
liable solution for the group of problems in which energy is ab- 
sorbed mainly in the fundamental mode of vibration of the beam. 
This is to be expected, for when this is true, the beam behaves 
like a one-degree-of-freedom system. A limited amount of energy 
in the third mode does not affect the force variation appreciably, 
since central deflection and not energy is the determining factor 
(kF*/* = a = 3 — n). The minimum value of +/Q, to give 
reasonable results is about 0.3. 

The assumption that the impact duration is short compared 
with the period of the fundamental mode of the beam also re- 
stricts the range of Q, for which the approximate method gives 
reliable results. From this point of view small values of Q; give 
the best approximation. The limit for which a good approxima- 
tion can be expected is Q; = 0.25, +/Q: = 0.5. Though toward 
the end of the impact, Q; = 0.25 will lead to quite large values of 
wt, this is not important since toward the end of impact the con- 
tact force is small, producing little effect on the final motion. 
Therefore, the approximate method is useful for values of +/Q, 
between 0.3 and 0.5, and it is in this range that many practical 
problems lie. Values of +/Q, > 0.5 are unusual, so that the most 
frequent obstacle to the application of this approximate method 
is that the vibrational energy is not sufficiently concentrated in 
the fundamental mode. This leads to a very important criticism 
of Lennertz’ paper (9), since he considered the validity of the short 
contact assumption only, and merely stated, without investiga- 
tion, that the equivalence of a one-degree-of-freedom system was 
satisfactory. 


MOTION OF THE STRIKING Mass AND OF THE BEAM AFTER IMPACT 


The solution of impact problems based on energy considerations 
leads to an expression for the free vibration of the beam after con- 
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Fic. 10 or DispLACEMENT FUNCTION 


tact has ceased. The displacement-time curves for the center of 
the beam and for the mass can be drawn, from which the existence 
of a repeated impact can be determined. 

Equation [15] is directly integrable assuming the normalized 
force variation #e(r), giving 


n-1 
C,(t) (— 1) sin (rQ,) 

1, 3, l (1 — Q,?) 
Using Equation [13], the central deflection due to the nth mode is 


2 _ 
C,(t) xin sin (w,t). . [33] 


where n = 1,3, 5..... = nw, and Q, = n*Q.. 
The motion of the center of the beam is thus composed of the 


mvo(1 + e) sin (w,t). [32] 
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superposition of sinusoidal oscillations given by Equation [33]. 
Their amplitudes decrease rapidly with increasing n, so that 
normally all but the first two or three modes of vibration remain 
quiescent. To simplify the determination of the deflection, 
sin(xQ/x)Q(1 — Q?) is plotted against +/Q in Fig. 10. 

In solving a specific problem, +/Q: and e are calculated as 
shown previously, the value of sin(rQ,)/7Q,(1 — Q,,*) being then 
given as the ordinate for 1/Q = n /Q; in Fig. 10. The vibra- 
tion, both amplitude and phase, is given by substitution in Equa- 
tion [33]. The sinusoidal displacement-time curves are plotted 
for each mode, and their superposition gives the motion of the 
center of the beam. The time origin is at the middle of the im- 
pact duration and Equation [33] is only valid after contact has 
ceased, since integrations were carried out for t > T/2. This 
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Fic. 11 Comparison OF DISPLACEMENTS OBTAINED BY DIFFERENT 


METuHODs, AND REBOUND OF THE STRIKING Mass 


explains the apparent inconsistency of zero deflection at the 
middle of the impact. 

This procedure is applied to the problem corresponding to Fig. 5 
(m = 50 lb, M = 298.5 lb, w = 531 sec™!, and +/Q: = 0.1729). 
The displacement so obtained is compared in Fig. 11 with values 
given by the small-increment method of solution. Excellent 
agreement is demonstrated. 

The advantage of the displacement curve obtained from energy 
considerations (in addition to the comparison between a mere 
half hour’s work, and two or three days’ tedious ploughing through 
the small increment method) results, since the motion is already 
harmonically analyzed, which is more useful than a knowledge of 


the displacement at isolated time intervals as given by the small 


increment method. 

The rebound of the striking mass is also shown in Fig. 11. 
The mass moves with constant velocity evo from the position the 
beam had when contact ceased. 

Intersection of the two displacement curves indicates a re- 
peated impact. The statement made by Zener and Feshbach 
(10), “multiple collisions will occur whenever the calculated e is 
negative,” is true but not necessary. Repeated impacts also 
occur when ¢ is positive and the rebound velocity is not sufficient 
to carry the mass out of the range of the vibrating beam before a 
second impact occurs. Experimental evidence of this state of 
affairs appears in Tuzi and Nisida’s (8) illustrations. 

Using a method analogous to that adopted for the first impact, 
the second impact can be dealt with. Again, a normalized con- 
tact-force variation is assumed. The Hertz (3) force variation, 
calculated for a velocity of approach equal to the relative velocity 
between the beam and the mass, is used as a basis for the assumed 
variation 9,(r), exactly as H,(r) was defined for the first impact in 
the energy method. The free vibration already present in the 
beam due to the first impact complicates the problem somewhat. 
We know C,(t) = A, sin w,t are the generalized coordinates of the 
vibration already disturbing the beam due to the first impact. 
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Defining ¢, a coefficient of restitution for the second impact, by 
writing e;(— evo) for the velocity of rebound,’ energy and momen- 
tum considerations determine e, by the equation 


n=1,3,5 


n-l 
1) 7Q,(1—Q,?) COS (wal). . [34] 


where ¢,, is the displacement in time between the two impacts, 
and R is defined in Equation [21]. 

It is interesting to note that in applying Equation [34] to the 
first impact A, = 0, and the equation e, = (1— R)/(1 + R) is 
obtained which is the same as Equation [24]. 

When e; has been determined from Equation [34], the vibration 
superimposed on the beam due to the second impact can be calcu- 
lated from Equation [32], replacing v9 by (— ev), and e by ¢. 
Adding the result to the vibration already present in the beam, 
the total motion is obtained. 

Investigating the motion after the second impact, the existence 
of another impact can be decided. Repeated impacts can be 
studied using Equation [34] until the mass rebounds out of the 
region covered by the vibrating beam and the whole impact 
process is complete. 


(l1—e,) = (1 +e)R+ 
(— evo) 


THe Form OF THE DEFLECTION CURVE OF THE BEAM 


The knowledge of the generalized coordinates C,(t) for the 


7 Here —ev is the velocity of the mass between the first and second 
impacts; it is positive when in the same direction as vo. 
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vibration of the beam after impact leads directly to the changing 
deflection curve of the beam. 

Equation [13] gives the motion of all points along the beam, 
and substituting for C,,(t) from Equation [382], becomes 


@ n-1 
= 
u(z,) = + e) ( 
n=1,3,5 x 


This equation only holds after contact has ceased. The de- 
flection curve of the beam is composed of the superposition of sine 
terms, the amplitudes of these Fourier terms changing with time. 
For any time ¢ these amplitudes are given in Equation [33], and 
can be readily evaluated using Fig. 10 or from the central deflec- 
tions considered in the last section. 

Fig. 12 shows the changing shape of the beam due to the impact 
considered previously (m = 50 lb, M = 298.5 lb, w; = 531 sec™?}, 
and +/Q; = 0.1729). Immediately after contact has ceased the 
deflection is limited mainly to the central portion of the beam; 
near the supports the deflection is small and in the opposite 
direction. Later, the first mode of vibration dominates. The 
curves of Fig. 9 show a marked difference from the static-deflec- 
tion curve for central loading, indicating that Cox’s (13) assump- 
tion of static-deflection form is ttnjustified. 

Beam-deflection curves, obtained for the impact of a 470-lb 
mass on the beam just considered, agree well with the experi- 
mental investigation carried out by Arnold (7) as interpreted by 
Smith in the discussion of Arnold’s paper. He also obtains the 
initial negative deflection near the supports due to the third har- 
monic, 

CONCLUSION 


It has been shown that energy considerations lead to many 
characteristics of the impact process due to a mass striking a 
beam. For simplicity, this paper has dealt solely with central 
impact on a beam simply supported at its ends. No difficulties 
are encountered in generalizing the method for impact at any 
point along a beam which is supported in any way. A develop- 
ment, analogous to that already evolved, leads to similar conclu- 
sions, the relations being expressed in terms of the normalized 
characteristic functions for the modes of vibration. This general 
theory is developed briefly in Appendix 1, the procedure being 
identical with that adopted for the specialized problem. 
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Appendix 1 
THE GENERALIZED IMPACT PROBLEM 


The development carried out in the body of this paper for 
_ ‘entral impact on a uniform beam simply supported at its ends 
is briefly repeated here for a uniform beam with general support- 
_ '0g conditions, the impact occurring at any position along its 
» length. Since the development is parallel to that for the special 
tase already considered, little verbal explanation is given; the 
_ Corresponding equations are denoted by the same reference num- 

ror letter which was used in the simpler development, but carry 
the suffix a for discussers’ reference. 
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The vibration of the beam is considered in terms of the nor- 
malized characteristic functions u,(z) and the generalized coor- 
dinates C,(t) of the normal modes of vibration. The deflection 
of any point of the beam is given by 


u(z,t) = [13a] 


The general integral equation for impact becomes 


t 
k{F(t) = —— F(r)(t— r)dr 


t 
F(r) 


M, 
n=1,2,3 


sin [w,(t— 7r)] dr.. [4a] 


where the reduced mass of the beam for the nth mode M, = 
q/(u,(c) }?, = c being the point of impact. 

The approximate method remains unchanged, although the 
range of validity of the assumptions used differs. The introduc- 
tion of the second mode of vibration, which was eliminated due to 
symmetry in the special problem dealt with before, makes the 
consideration of only the first mode a more restrictive assump- 
tion. 

The concept of the normalized contact force is applicable to 
this generalized impact problem. 

The vibrations produced in the beam due to a force variation 
F(r), acting at the point x = c, are given by the differential equa- 
tion 


+ w,7C,? = [14a] 


Assuming no motion at the time to when the force commences to 
act 
u,(c) 


t 
C,(t) = — sin [w,(t — r)]F(r)dr...... {l5a] 
to 


giving the energy in each mode after contact has ceased 


2 th 2 
2q to 
Transferring to the normalized force variation #(r) = F(r) 
/mvo(1 + e) Equation [17a] becomes 
2 2 
AE, = = = = [u,,(c) . [20a] 
2q to 
The coefficient of restitution, e, is given by 
e 1—R [24a] 
where 
m 1 4 2 
R= [u,(c) B(r)en"dr| ...[2la} 
= },2,3,... 


Assuming the normalized force variation ¥#,(r) 


R [u,(c)] (25a) 


n= 1,2,3,... 
For any particular problem R can be calculated using Fig. 6. 
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This gives e from Equation [24a], in terms of which the energy 
distribution after contact is expressed as 


sin (rQ,) |? 
70.(0,? — 


Using Fig. 6, Equation [3la] gives the energy distribution be- 
tween the modes of vibration of the beam. 
The motion after contact is given by 


AE, = (1 + 


u(z,t) C, (tu, (2) 
a= 1,2,3,... 
@ 2,2,3,... 


This equation includes the motion of the point of contact of 
the beam, leading to a study of the subsequent impact procedure. 


Equation [35a] also gives the deflection form of the beam when. 


contact has ceased. 

The energy-distribution condition for the validity of the ap- 
proximate method can be studied using Equation [31a], which 
gives the energy spectrum for the beam. The appearance of the 
second harmonic will make the restriction that the energy is ab- 
sorbed mainly in the fundamental mode more stringent, and spe- 
cial care is needed to insure that the assumptions are valid when 
this approximate method is used. 

This theory developed for impact on a beam can be extended to 
impact on plates, the plate deflections being expressed in terms 
of the characteristic functions for the normal modes of vibration. 
Since, in the case of plate vibrations, the natural frequencies of 
the normal modes are closer to the fundamental than for beams, 
special care must be taken in considering the validity of the ap- 
proximations used for the approximate method. 


Appendix 2 
A MODIFIED HERTZ SOLUTION 


This approximate solution has been developed as a basis from 
which an approximation for the normalized contact force varia- 
tion can be derived. It gives a better approximation to the cor- 
rect contact force than the Hertz (3) solution, since it contains 
some allowance for the effect of the vibrating beam, whereas the 
Hertz solution applies to impact of a mass on a beam constrained 
so that it cannot vibrate. 
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The fundamental mode of vibration only is considered and the 
duration of contact is assumed small compared with the period of 
the fundamental. The second assumption enables sin w;(t — r) 
to be replaced by w(t — 7) and Equation [4] becomes 


1 t 
of — F(r)(t — r)dr 
1 
F(r)(t—1)dr.. 


1 1 
Combining the last two terms and writing —- = — + —, this 
M, m 


equation reduces to the Hertz equation for a mass M, striking the 
constrained beam with a velocity v. The corresponding force 
variation is given by Hertz’s formula and is termed the “modified 
Hertz solution.” 


= 
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This paper attempts to solve the problem of the bending 
action of rectangular plates clamped at all four edges and 
subjected to lateral loading. Analytical in nature, the 
author’s investigation is based upon the ordinary theory of 
bending of thin plates as treated in Lagrange’s equation 
of the middle surface. The superposition method is used 
and applied to a number of loadings not hitherto studied. 


HE bending of rectangular plates which are clamped at all 
Tou edges and subjected to the action of lateral loads is a 

problem which has received considerable attention because 
of its technical importance. Two main methods of attack have 
been used for obtaining solutions, namely, (a) Ritz’s energy 
method (1),? a recent discussion of which has been given by G. 
Pickett (2), and (b) the superposition method proposed by S. P. 
Timoshenko (3) as a generalization of Hencky’s solution (4). 
These methods are approximate in the rigorous mathematical 
sense but, practically, the results may be obtained to any desired 
degree of accuracy by taking sufficient terms in the infinite series 
of simultaneous equations which occur in both these methods. 
To date, complete analyses are available only for the case of a 
uniform load and for the case of a central concentrated load. In 
this paper, Timoshenko’s method is applied to a number of load- 
ings which have not been treated before. Consideration is given 
first tosymmetrically placed loads and to antisymmetrical loadings. 
Then unsymmetrically distributed loads are obtained by super- 
position of the preceding cases. The numerical calculations have 
been carried out for several loadings and values for the deflec- 
tions, moments, and shears at critical points are given. 

This is an analytical investigation based upon the ordinary 
theory of bending of thin plates, as governed by Lagrange’s equa- 
tion of the middle surface. Discussion of this theory, derivation 
of the differential equation, and the relations for moments and 
shears are available in references such as (5) and (6), and will not 
be given here. For the plates treated in this paper it is assumed 
that all four edges are perfectly fixed so there is no deflection or 
change in slope at the edges under the action of the lateral loads. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a@ = length of plate in z direction 

b == length of plate in y direction 

h = thickness of plate (assumed constant in this investiga- 
tion) 


E = modulus of elasticity of plate material 
» = Poisson’s ratio (assumed equal to 0.3 in numerical cal- 


culations) 
D = Eh3/12(1 — v*) flexural rigidity of plate 
M,,M, = bending moments per unit length of plate on sections 


perpendicular to z and y axes, respectively, taken as 


University of Connecticut. 

é Numbers in parentheses refer to the Bibliography at the end of 
Paper. 
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positive when producing compression at top of 
plate 

(M),, = bending moment for a simply supported plate carrying 
the load under consideration 

Q., Q, = vertical shearing forces per unit length of plate on sec- 
tions perpendicular to the z and y axes, respectively, 
vaken as positive on a rectangular element of plate 
when acting upward on the side of the element having 
the smaller value of z or y, respectively. 

w = deflection of plate at any point, assumed positive 


downward 

P = concentrated load, assumed positive when acting down- 
ward 

q = intensity of a distributed lateral load, assumed positive 


when acting downward 

p = intensity of a triangularly distributed load at unit dis- 
tance from line of zero load 

Z,y = rectangular coordinates in plane of middle surface of 
plate. For convenience in discussion, the plane of the 
plate will be assumed horizontal and loads will then be 
acting vertically. The origin of coordinates is taken 
at center of plate 

k,m = integers, with values as indicated on the summation sign 
where they occur 

A, B,G, H = coefficients which are defined where used 

mra 


= 


2a 
SYMMETRICAL LOADINGS 


A symmetrical load is one which is symmetrically distributed 
about each of the coordinate axes through the center of the plate. 
The general method for analyzing clamped rectangular plates 
under such loadings has been given by Timoshenko (3). Detailed 
results for a uniformly loaded plate have been worked out by 
I. A. Wojtaszak (7) and T. H. Evans (8). Calculations for a 
central concentrated load have also been given (9). Deflections, 
moments, and shears for uniformly loaded plates of several pro- 
portions are summarized in Table 1 for later use. These results 
were taken from Wojtaszak’s paper with some additional values 
computed by the author. 


ANTISYMMETRICAL LOADS 


The term “‘antisymmetrical” is used to designate load distribu- 
tions which have equal but opposite intensities at corresponding 
positive and negative values of the coordinates of one axis. The 
loading is assumed symmetrically distributed parallel to the other 
axis. In the following work the loads are taken as antisym- 
metrically distributed about the z axis and symmetrically dis- 
tributed about the y axis, so that q(z, »%) = —q(z, —t) and 
q(t, y) = q(—a1, y). These loadings are not of practical interest 
by themselves, but are for use in combination with symmetrical 
loads to obtain cases of unsymmetrical loadings. Since Timo- 
shenko’s method has not been previously carried through in detail 
for this type of loading, it appears worth-while to develop here 
the necessary equations. 

The problem is to find a solution of the differential equation 
of the middle surface of a bent plate 


: 
0 
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that will satisfy the boundary conditions for clamped edges 


ow 
= (W)y= = 0, 
or z= +a/2 


ow 
7 *=b/2 


This may be done by taking w as the sum of three solutions 


For the function w, we take the solution for a simply supported 
plate carrying the given antisymmetrical lateral load. In most 
cases this is readily derived using known methods. For w, we 
take the solution for a simply supported plate with symmetrically 
distributed edge moments applied at y = '/2b, and equal but op- 
posite moments applied at y = —'/2b. It is convenient to take 
these moments in the form of a cosine series 


(My)y=v/2 = — (M,)y=-0/2 = A,,(—1)™- 0/2 


cos ~~... [2] 
a 
and then the function w, is given by 
a? A,,(—1)™-D/2 
28D, 4g, m*sinha, 


.- {3] 


For w; we take the solution for a simply supported plate with 
antisymmetrically distributed edge moments of the form 


m=1 


(M,)z=2 = 


applied along the edges z = *!/,a. The deflection function for 
this case is given by 


yc B. 
Ly m* cosh 5, 
tanh 5, 8 .. (5) 


The coefficients A,, and B,, in the preceding equations are to 
be determined from the condition that the slope at the boundaries 


is zero. Thus, taking = 0 and expressing the terms 


oy /y=b/2 
containing cosh ——— and ——— sinh ——— by a cosine series, we 


b b b 
obtain 


ow ow; a (—1)™—0/2 
=) ++ 4, 


Cn marx 8a? B,(—1)” 
—])(k-1)/2 
0.16) 


+> 


Since this relation holds for any cosine term, say cos =, the 


summation signs may be dropped and the cosine term canceled, 
thus giving 


m(—1)"B,, 
m=1 


= G,. [7] 
a 
where G, is found by expressing the slope at y = '/2b due to w, 
in a cosine series of the form 


ow, 
( oy ), =b/2 


One equation in the unknowns A, and B,, is obtained for each 
value of k = 1, 3, 5,...., substituted in Equation [7]. 
Similarly, for zero slope at z = '!/,a we find the expression 


— B,(—1) E + + = 
kA 4xm(—1)"D 

k=1,3,5... (» + fe 


where H,, is obtained by expressing the slope at z = '/,a due to 
w,; in a sine series of the form 


From Equation [9] we obtain one equation in the unknown 
coefficients A, and B,, for each value of m = 1, 2,3,4....... 
Equations [7] and [9] lead to a double-infinite series of simul- 
taneous equations in the unknowns A, and B,,, which may be 
solved approximately by assuming that terms higher than a 
given order may be neglected. In general, it was found most 
expeditious to solve this system of equations by successive ap- 
proximations as illustrated in (3, 7, 8). The left-hand mem- 
bers of these equations are independent of the load and de- 
pend only upon the ratio b/a of the length of the sides, so that 
once the numerical values of these terms are computed for 4 
plate of given proportion, they may be used for any loading. 

The numerical calculation of the coefficients A, and B,, com- 
pletes the solution of Equation [1]. Values of the deflection, 
moments, and shears at any point may then be determined from 
the known relations in the theory of plates. Detailed solutions 
for two particular antisymmetrical loadings will now be given. 
Triangular Load Distribution. 

The load intensity in this case varies linearly from the z axis 
to the edges y = +'/.b 4s shown in Fig. 1. The intensity at any 
point is given by the expression g = py, where p is the intensity 
at unit distance from the z axis. It is easily verified that the | 
deflection of a simply supported plate carrying this loading * 


given by 
(—1)(™—1)/2 b(2 + a, coth a,) 
m=1,3,5 
a sinh a, a a a 


An alternate expression for w; which is useful for dei ruaining the 
load coefficient H,,, is as follows 


ima. sinh | 


1/25,, tanh 5m 4+. 1 
cosh 6,, 
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Table 2. Antisymmetrical triangular leading (see Fig.'). 


Coefficents A, and 
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Table}. Deflections, moments and shears for clamped rectanqular 
plate with uniform load 

~ at 0.000159 © 000434 0.00! 26 002720 © 90260 
My at x00, qb’ |-0.0253 at gb |-0 0157 qe 
My at x-0, yo qh | 0.00719 qb | | 0.01196 ait © 01042 ao 
My at | qs | c.coge: at 0.0229 ait 0.0308 gb | ab 
Mp at | 0.01029 | 0.01004 gt | 0.07229 | o0203 
My at | qi | | 0.0:254 | 0.00804 
Ms at a-$, |-0.0207 qe qt |-coste 
Qy at a0, qb -0.31 ~0.44 ab -0.52 qo 
Qs ab 20 -0.35 -0.44 ab ab 

Table 4. Deflections, moments and shears fer triengular 
leading (see Fig 3) 
T 

Revs $-% | R-o 
~ at 0, | 0.000080 €.000 217 0.000630 | 00: 10 ©.00: soz 
My at eo, qb | -0087 | qt | git | 
My at 00198 gb | 0.00451 | cons gb | 0.0184 gc | 0.0208 
Ma at neo, yro | qt | 0.00017 gi | cons gt | cor git 
Ms at =-G,y-o | -0.0104 qb | -0.0257 | -0.0185 | 
My at -0.0019 gi |-0.0208 | -o.0219 
Qy at | -0.20 qb ab qb ab qb 
at y-0 | ab -0.23 qb qe -0.29 ab 

Table 5. Deflectors and moments for uniform lead over 
half the plate (see Fig 5) 

~ at © 000 217 SE 0.00110 0.001 302 
My at | -0.0100 gb |-0.0400 gb |-00534 |-00573 
My at s-0, y-0 | 0.00196 qb | 0.00451 | 0.015 gb | gt | 00208 ab 
M, at yro 0.005 15 qb 0 008)7 ye ab ©0102 
My at |-0.0104 qt |- 00257 qb |-oozes 
Me at gb gb | ab |-0.0272 


A, -0.126 26 = = 
Ay 0.009 0.00858 
As 0.005 59 0.007 30 0.00703 0.00058 
Ay 0.00297 900417 © 00995 0.00366 
Ay 0.001 16 0.0029) © 00875 © 
Ay 0.00113 0.001 61 © 00255 0.00339 
0.000 76 0.00110 0.00179 0.00259 
Ay 0.000 97 0.00079 © 00) 30 © 00:96 
0.00996 © conte © 
» 0.003 66 ~ 0 0084) 0.00471 0.00500 
3; 0.00267 © 00300 0.00317 
2.00) 90 00108 0.00219 - 0.00248 
0.00) 0.00) 46 © 00197 0.00185 
-0.00100 0.00106 9.00118 0.00143 
Deflections, moments and shears 
My at -@.00404 pb? | pe? | -0 00719 ph? | -0.00801 pt? | 
Mz at 79 pi | pe | -c pi? | -0.0040) 
at | - ope pt 0054 po 
Table 3. Uniform load in opposite direction on each 
half of plate (see Fig 2). 
A. and B. 
As 01900 0.02908 0.02722 
Ay 8.00483 000776 0.013866 0.01959 
Aw @ 00293 0 0.013719 
Ay 007% 0097) 0.00970 
Ay © 00) © 00104 0.00392 94 
Bs, © 00229 4 0.01388 0.01514 
~ 0.0m?” 002820 ~0027 37 
Bs 0.00514 52 9.00710 0.008 14 
© 000334 200434 
Peflections and moments 
Mi at at “90:83 qt at 00197 ae 


Table 6. Square clamped plate with concentrated load at 
quarter points of y-axe 


Two aym. Two antisgm central 
concentrated concentrated Concentrated 
loads lead 
(see Fg ©) (see Fig?) (see Fig 8) 
~ at 0.00490 ° 0.00245 
~ a sro, 000403 000249 © 
My at | -0.202) P P 1466 P 
My at 262) P P -0.0353 P 
My at yoo P ° oon 
Ma at yo P ° oom P 
My at | P ° P 
My at y-¥ P -0.0389 P -0.0403 P 
Me at P 0.0389 P -0.0014 P 
My at 0.0990? (™,),,- 00507 P | (M,), 9.0752 P 
[Me at avo. y+ | (m,),,- 0.0223 | (mM), P 
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From these two equations we find 


pat(—1)*-1)/2 4b a, 
ak \sinh* a, 
pb‘(—1)” 
= ———— | tanh 6, — 
L 


G, = 


Hm cosh? 6,, 

Substituting these expressions for G, and H,, into Equations [7] 
and [9], we obtain the system of equations from which the 
coefficients A, and B,, may be calculated. This has been done 
for several different ratios b/a of the length of the sides and the 
results are ~,ven in Table 2. Using these values, deflections, 
moments, and shears have been calculated for various critical 
points and these are givén in the same table. 


Uniform Load in Opposite Directions on Each Half of Plate. 


This loading is shown in Fig. 2. There is a uniform load of 
intensity g in the region y > 0, and a uniform load of intensity 
—gq in the region y < 0. The deflection for a simply supported 
plate carrying this load may be expressed as 


—1)(m—1)/2 


ms 


which is valid only in the region y > 0. An alternate expression 
for w, which is useful in the determination of H,, is 


pb‘ 1 2 + 6,, tanh 6,, 


... [16] 


From these two equations the load coefficients are found to be 


2 
cosh? —* 
2 


G, = 


6 
= 
cosh? form = 1, 3,5 [18] 


| H,, = 0 for m = 2, 4,6 


The results calculated for this case are given in Table 3. 


UNSYMMETRICAL LOADINGS 


Solutions for loads which are unsymmetrically distributed about 
one of the coordinate axes (here taken as the x axis) may be 
readily obtained by superposing solutions for symmetrical and 
antisymmetrical loadings. 


Triangular (Hydrostatic) Loading. 


Let go be the maximum intensity of loading for this case which 
is shown in Fig. 3. The solution for this load is obtained by 
superposition of the solutions for a uniform load of intensity '/2q0 
and for an antisymmetrical triangular loading of intensity g = 
(qo/b)y. Results for these two component loadings are given in 
Tables 1 and 2, Combining these in the manner specified, we 
obtain the deflections, moments, and shears for the hydrostatic 
loadings. The values for this case are summarized in Table 4. 
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Trapezoidal Load Distribution. 

For this case which is shown in Fig. 4, the load intensity varies 
linearly from a minimum value gq; at y = —'/:b, to a maximum 
q at y = '/2b. The average intensity is g, = */2(q: + q2) and 
the increase in load intensity per unit length is p = q,/b where 
q = %—q. The results for this case are then found by super- 
position of the results for a uniform load of intensity g, and the 
results for an antisymmetrical triangular load of intensity q = 
(q,/b)y. 

Uniform Load Over Half the Plate. 


For this loading which is shown in Fig. 5, there is a uniform 
load of intensity go over the region y > 0, but no load whatsoever 
in the region y < 0. This loading is obtained by superposition of 
a uniform load of !/2q over the entire plate and of an antisym- 
metrical uniform load of intensity '/2qo in opposite directions on 
each half of the plate. Results for the two component loadings 
may be found in Tables 1 and 3. The deflections and moments 
for the unsymmetrical load are then as given in Table 5. 


Noncentral Concentrated Load. 


A plate with a concentrated load P at a point z = u, y = 0, as 
shown in Fig. 8, can be handled by superposition of the sym- 
metrical case shown in Fig. 6, and the antisymmetrical case 
shown in Fig. 7. Solutions for these later two loadings may be 
carried through by the methods described. As an example, the 
particular case of a square plate with load P at the quarter point, 
i.e.,u = 1/4b, has been worked out and the results given in Table 6. 

As is well known, in the ordinary theory of bending of plates, 
the moments under a concentrated load become infinite unless 
consideration is given to the area over which the load is distrib- 
uted. This has been discussed by Timoshenko (10) for a simply 
supported rectangular plate and he has given expressions for this 
moment in terms of the area over which the load is distributed. 
Call this moment (M),,._ Then for a clamped plate, the moment 
at the concentrated load may be written as (M),, — M2,s, where 
M:2,3 is the moment at the load due the functions w; and w;. In 
Table 6 the moments at the concentrated load are thus expressed. 
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The Orthogonally Stiffened Plate 
Under Uniform Lateral Load 


By HENRY A. SCHADE,' WASHINGTON, D. C. 


The problem of designing structures with orthogonally 
stiffened plates under lateral loading has been solved 
approximately by the infinite-strip method and has been 
applied, for example, to the double-bottom structure of a 
ship. 
that is, the ratio of the longitudinal dimension to the 
transverse dimension, is small, the approximate solution 
is inadequate. The author gives herein an exact solution 
applicable to all side ratios. 


A rectangular grid of orthogonally intersecting beams rests 

on rigid supports on all four edges, as shown in Fig. 1. 
The grid may be plated on one or both of its surfaces and sup- 
ports a uniformly distributed lateral load. On two parallel 
edges, termed the “transverse edges,’’ the beams are fixed. On 
the other two edges; termed the ‘‘longitudinal edges,” the beams 
are freely supported. The beams in the longitudinal system are 
all identical and equally spaced, except the central longitudinal 
beam, which may be stiffer than the others in the system. The 
beams in the transverse system are all identical and equally 
spaced but their size and spacing are not necessarily the same as 
in the other direction. 

The nomenclature is as follows: 


ye problem here discussed may be described as follows: 


p = uniform lateral load 

E = modulus of elasticity 

» = Poisson’s ratio 

w = deflection 

I, = moment of inertia of longitudinal stiffener (with effective 
width of plating) 

I, = moment of inertia of transverse stiffener (with effective 
width of plating) 

I, = moment of inertia of central longitudinal stiffener (with 


effective width of plating) 
equivalent unit moment of inertia of longitudinal stiffener 


_ (1, — I,) 
b 


I 
unit moment of inertia of transverse stiffener = ( -* ) 


i} = average unit moment of inertia of flanges (plating) alone 
Ye + 
2 
n = torsion coefficient = ( a 
¢, = bending stress in flanges (plating) in the longitudinal di- 
rection 


' Lieutenant Commander, Construction Corps, U. S. Navy. 

_ Presented at the National Meeting of the Applied Mechanics Divi- 
sion, Ann Arbor, Mich., June 20-21, 1940, of THe AMERICAN 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1941, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Under certain conditions where the side ratio, - 


7, = vertical shear stress in longitudinal stiffeners (webs) 

o, = bending stress in flanges (plating) in the transverse di- 
rection 

7, = vertical shear stress in transverse stiffeners (webs) 

A, = sectional area of web of longitudinal stiffener 

A,, = sectional area of web of central longitudinal stiffener 

A, = sectional area of web of transverse stiffener 

tr, = distance from neutral axis of longitudinal stiffener to most 
strained fiber 

r, = distance from neutral axis of transverse stiffener to most 
strained fiber 


This problem was solved in previous papers (1, 2)? approxi- 
mately by means of the infinite-strip method, whereby the solu- 
tion for a strip of such stiffened plating, infinitely long, freely 
supported on the edges, and with a single transverse support was 
obtained. The solution for the single transverse support was 
then simply superimposed upon the solution for another such 


Free Support 


Sx 


Free Support 


FS a-- 
Fie. 1 A RecrancuLaR Grip oF ORTHOGONALLY INTERSECTING 
BEAMS 


transverse support, which gave an approximation to the solu- 
tion for the plate included between two such transverse sup- 
ports. In the previous papers (1, 2), this method of solution 
was applied to the double-bottom structure of a ship. It is 
equally applicable to deck structure and many other elements 
of a ship, and also to many airplane structural problems. Under 
certain conditions, where the side ratio, that is, the ratio of the 
longitudinal dimension to the transverse dimension, is small, 
the approximate solution is inadequate; consequently, the 
following exact solution, applicable to all side ratios, has been 
developed. It follows, in general, the method used by Huber (3) 
for the orthotropic plate. 

From Equation 30 in one of the author’s previous papers (1), 
the deflection of the infinite strip, with no transverse support, 
under uniform lateral load, where n = 1, 3,5..., is 


w sin —— 
> Ki, b 
and the deflection due to the introduction of a negative trans- 


verse lineal load (of which rigid transverse support is a special 
case) is 


2 Numbers in parentheses refer to the Bibliography at end of paper. 


A-143 


| 
| 
aa 
Wwe 
AAA AAA 
ae 
gee 


A-144 | JOURNAL OF APPLIED MECHANICS DECEMBER, 1940 


= (cos Bz + ; sin ar) sin 


= sin... 12) 


where C is a constant depending on the lineal load, and the 
parameters a and 6 are 


4 
V(1 + ») 


If it be imagined that there exists an infinite number of nega- 
tive transverse lineal loads equally spaced across the infinite 
strip, then a panel between any two of these lineal loads will 
represent the rectangular element of stiffened plating under dis- 
cussion, provided the boundary conditions at the locations of 
the lineal loads are suitably determined. If the spacing of these 
lineal loads is a then the deflection due to an infinite number of 
such loads may be written 


m=0,1,2... 


+ CF(ma — 2) [4] 
‘ m=1,2,3... 

The first term represents the effect of all lineal loads to the 
left of a point whose z coordinate from any one station is 2 
and the second term represents the effect of all such loads to the 
right of that point. The equation may also be written 


B 


where the F’ function is 


F(z) = =) E B(nia + 2) + +2] 
m=0,1,2 


+ B(tma — z) + “sin .. (6) 
m=1,2,3 B 
The function F’(z), after the trigonometric functions have been 
. expanded and the terms collected, is 


= (co Bu + (e-**)™ cos Bma 
m=0,1,2 


+e™ 5 cos Bx — sin ps) (e~@*)™ sin Bma 


m =0,1,2 


+ &* (co sin > cos Bma 


+ & & cos 62 + sin es) sin Bima. . [7] 
B m= 1,2,3... 
The summations indicated in Equation [7] have finite values 
and, after evaluating them, rearranging, and eliminating the 
exponential functions in favor of hyperbolic functions, the equa- 
tion becomes 


1 / 


(a — 2) sin Bs + sinh anaes B(a — 2) 


+ asin B(a — 2) | [8] 


The boundary condition for determining the constant C in 
Equation [5] is that the deflection due to the uniform lateral load 
alone, according to Equation [1], must be equal and opposite to 
the deflection due to the infinite number of lineal loads, according 
to Equation |5], at the transverse supports, so that the two 
components of deflection cancel each other at the supports, where 
x = a, 2a, 3a, etc. Accordingly, for this condition to be satis- 
fied 
4pb‘ 1 cosh aa — cos fa 


C= 


The total deflection between supports is, of course, the sum 
of that due to the uniform lateral load w, and that due to the 
lineal loads w,. These are given by Equations [1] and [5] with 
the value of C from Equation [9] inserted, so that the expression 
for total deflection is 


Xx E a(a — x) cos Bx + ; cosh a(a — z) sin Ba 
\ 


| + sinh az oon —2) + cosh ate .. [10] 
\ 


This is the fundamental equation for deflection of the orthogo- 
nally stiffened plate panel, clamped on two parallel edges and 
freely supported on the other two. Undoubtedly, the same 
result could be obtained by other means, i.e., by considering 
directly a panel of finite length, and imposing suitable boundary 
conditions on the two transverse boundaries. Such a solution 
would probably be more cumbersome to derive than that given 
here, particularly since the solution for the infinite strip is already 
available. 

When dealing with rectangular panels of unstiffened plating, 
it is usual to frame the equations in terms of the ratio of the sides 
of the panel. A similar procedure can be adopted here, using 
instead of the actual side ratio a “virtual side ratio’ p defined 
by . 


Then in lieu of the parameters @ and 8, defined in Equation 
[3], it is more convenient to use dimensionless parameters, defined 
by 


= 


Then the deflection at the center of the panel, where z = a/2 
and y = b/2, may be written 


pb‘ 5 8 pb‘ 
Ei, x ) ms 


witl 
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For the special case that » = 1, and i, = 7,, the summation be- 
comes 


n-1 sinhn cosh n= 
2b 2b 2 b 
(—)* - . [14] 
n> a 
sinh n n 
which is the form for the isotropic, unstiffened plate (4). The 


isotropy of the plate is indicated by the condition that i, = 1,, 
and the fact that the structure is a solid plate, without stiffening, 
is indicated by the condition that the torsion coefficient 7 is 
equal to unity. This is clear from the physical meaning of 7. 
It is, from its definition, » = %,/+/(i,i,), the ratio of the unit 
stiffness of the material able to take horizontal shear stress to 
the geometric mean of the unit stiffnesses of the material able to 
take bending stresses in the two coordinate directions. In 
other words, 7 is a measure of the effect of horizontal shear or 
torsion. In a solid plate all material is equally able to take hori- 
zontal shear and bending stresses and 7 = 1. In a structure 
made up of horizontal plate and vertical stiffening webs, the 
webs are unable to take horizontal shear stresses (at least, to any 
significant degree) and here 0 < » < 1. In a structure made 
up of a grid of intersecting webs, without horizontal plating, there 
is no material to take horizontal shear stresses and 7 = 0. The 
theory therefore comprehends unstiffened plates, stiffened plates 
(so long as the stiffening is orthotropic) and grids, and the equa- 
tions can be used for any of these cases by choosing the proper 
value of ». 

With the deflection function established, deriving the equa- 
tions for bending stresses in the flanges (horizontal plating), and 
vertical shear stresses in the webs, is simply a matter of differen- 
tiating the function and applying Equations [1] and [2] from 
the author’s previous paper (1) in the same manner as was 
done for the approximate solution. The maximum value of 
bending stress in the longitudinal direction occurs at the center 
of a transverse (fixed) boundary, with a secondary maximum 
at the center of the panel. The maximum value of bending 
stress in the transverse direction occurs at the center of the 
panel, since the longitudinal edges are freely supported. The 
maximums of shear in the vertical webs occur at the mid-points 
of the edges in each case. 

The bending stress in the longitudinal direction at the center 
of a transverse boundary is 


6/2) 1 — * Oz? 
= b/2 

with the value of 0.3 assigned to », and with 

a’ 
1 — sin ng’ 


a’ 
sinh ne’ + a sin np’ 


The bending stress in the longitudinal direction at the center 


of the panel is 


= b/2 
«88 pr, 
)|- = Ks . [16] 


%x(a/2,b/2) = 


pb*r, 1 
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where 


yp?! 


8B 
(1 + sinh n cos n (1 — p’) cosh n sin n 


sinh na’ + Pe sin np 


and 


To a close degree of approximation u’ may be assumed equal to 
u, and with the value of 0.3 assigned to u’, the equation becomes 


por, (0.3 8 
%x(a/2,b/2) = V(i,i,) 0.9123 * (izi,) 
.. [17] 


a’ , a’ a’ p’ 
1.3 sinh n cosn| — 0. 7 cosh sin n 


sinh ne’ + , sin np’ 


The bending stress in the transverse direction at the center of 
the panel is 


E 
Gy(a/2,b/2) = + pr, — 


oy? oz? ix = a/2 
y = b/2 
po*r, 1 8 pb*r, 
= K,——.. [18 
i, (; 28 (0.91% 
where 
2 
a’ p’ 
1.3 sinh n cosn + 0.7% cos sin 


sinh na’ + sin ns’ 


with the value of 0.3 assigned to », and using again the close ap- 
proximation that 


The shear stress in the longitudinal webs at a transverse 
boundary is 
1,8, O*w 


phi,s, 
~ AW 


sinh na’ “eo sin np’ 


where 
3 
d 
5 
3 
| 
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At the center of a transverse boundary this becomes 


pl, [4/2 
.. [21] 


where 


n—1 


1 cosh na’ — cos np’ 


sinh na’ + 7 sin ng’ 


and this is the maximum value unless the cross-sectional area of 
the central longitudinal stiffener A,, is considerably greater than 
the area of the other longitudinal stiffeners A,, in which case the 
maximum value of vertical shear stress will occur in the first web 
adjacent to the central longitudinal web. Equation [20] would 
then be used for the maximum. In case the central longitudinal 
web is identical with the other longitudinal webs, Equation [21] 


becomes 
pbs, ‘i, 
A, \ i, [22] 


The vertical shear stress in the transverse web at the center of 
a longitudinal boundary is 


Tx(0,6/2) = Ks 


Ty(a/2,0) A, Ox* Oy =a/2 
y=0 


where 


a’ 8’ a’ a’. B 
(1 + ») sinh n> cosn + (1 cosh n> sin 


a’ 
sinh na’ + 3" sin np’ 


It will be noted from Equations [13], [15], [17], [18], [21], 
and [23] that the maximum deflection, bending, and shear 
stresses are all expressed in terms of the loading, the dimensions 
of the structure, and the modulus of elasticity, multiplied by 
coefficients (the X’s) which are functions only of the virtual side 
ratio p and the torsion coefficient 7. Thus it is possible to repre- 
sent the numerical values of these coefficients (K’s) by contour 
curves for various values of » with the values of the virtual side 
ratio as abscissa. Such curves for the maximum bending stress 
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Fig. 2. Curves FoR MAaxtmuM BENDING STRESS IN THE LONGITUDI- 
NAL DrrecTion CALCULATED From Equation [15] 


in the longitudinal direction, calculated from Equation [15], are 
shown in Fig. 2. 

Since for the unstiffened plate 7 is equal to unity, the curve 
for that value of 7 will be identical with the curve for the un- 
stiffened plate with the same loading and boundary conditions, 
as given, for example, in the curves for case 5 in the Wojtaszak 
Design Data (5). Also, if the stiffening on a stiffened plate is 
such that » may be assumed equal to unity as an approximation, 
then curves for unstiffened plating may be used for stiffened 
plating, provided the “‘virtual side ratio” is taken into account. 
Curves for other values of » can be used for design purposes for 
stiffened plating exactly as the Wojtaszak curves (5) are used 
for unstiffened plating. The calculation of maximum deflection 
and stresses in orthogonally stiffened plating, with the assumed 
loading and boundary conditions, becomes no more difficult 
than the calculation of equivalent values in unstiffened plating. 
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Some Observations on the Theory of 
Contact Pressures 


By STEWART WAY,' EAST PITTSBURGH, PA. 


The stress system in a semi-infinite elastic solid with 
given normal surface loading is of importance in many 
problems of machine and structural design and strength 
of materials. It often happens in such cases that the 
stresses in which one is primarily interested are those in 
the surface of the body. This paper presents some ob- 
servations that can be made regarding the stresses and dis- 
placements in the surface. 


stresses and displacements in a semi-infinite elastic solid 
with given normal surface loading are briefly as follows: 

(a) There are a number of cases in which an infinite number of 
different load distributions inside a region FR of the surface produce 
the same system of stresses and horizontal displacements in the 
surface outside R. 

(b) The horizontal displacements in the surface are shown to 
stand in a simple proportionality relation to the slopes in the x 
and y directions of a stretched membrane loaded in the same way 
as the elastic solid. The stresses in the surface are related to the 
second derivatives of the membrane deflection. 

(c) An analogy can be set up between the stresses in the surface 
of the semi-infinite solid, when it carries a loading q = f(z) alonga 
line segment from z = —c, y = 0 to z = c, y = 0, and the shear- 
ing stresses on certain planes in a semi-infinite solid in a plane state 
of strain loaded by the pressure distribution p = f(z) along the 
band between rz = —cand z = +c. The same analogy also 
holds when the latter body is a thin sheet in a state of plane stress. 


ee of the observations that can be made regarding 


Tue Semi-Inrrntre Bopy Wits Verticat LOADING ON THE 
SurFAcE 


The first serious attempt to deal with this problem was made 
by Lamé and Clapeyron in 1828(1).? However, they used a series 
method which led to quadruple integral expressions and was hence 
of slight practical value. It was not until 1878 that Boussinesq 
(2), using the method of singularities developed earlier by Green 
in his potential theory, obtained a satisfactory solution. 

Let the plane z = 0 be the bounding surface and let the body 
fill all space for z > 0. Suppose a concentrated load P is applied 
at the point (z’, y’, 0) as shown in Fig. 1. We want to know the 
displacements and stresses at a general point (zx, y, z). Let 


[2] 
p= + (y—y’)? + 24] [3] 
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Boussinesq showed that the displacements and stresses at the 
point z, y, z could be expressed in terms of y and ¢ as follows 


Oz 
2 1 — 2p [4] 
4nG dy ay ewes 
4nxG Oz 2rG 
1—2u 0% 
Oxody 
pe 2 dy (5] 
dy? Qe dy? Qe dydz 
Qn dz 2 dz? dade 


For any normal surface loading over a region R, Equations [4] 


FIG. 1 


and [5] remain valid if we simply form the integrals, as did Bous- 
sinesq, of the right-hand members of Equations [1] and [2], re- 
placing P by p dz’dy’. For any distributed load over R, there- 
fore, y and ¢ become 


Equations [1] and [2] may now be regarded merely as special 
cases of Equations [6] and [7]. Coordinates with primes will 
always refer to a point where a load is acting. 
One may easily verify by differentiation that y and ¢ satisfy 
Laplace’s equation everywhere inside the body 
wy doy 


ox? 


dp 
dy? + = @.... [8] 
It should be noted, however, that y does not satisfy Laplace’s 
equation in the loaded area itself, for dy/dz is discontinuous at. 
z = 0 for points inside R, as shown in the following: 

In case the load is distributed along a curve C with intensity w 
per unit length, the integrals for y and ¢ become 


q 
| 
| 
i 
t 
k, 
| 
log (p + z)dx’dy’ 
: 
: 
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cP 
Cc 
where ds is an element of arc of C, 
We also observe that in all cases 
{11] 


We see that y¥, as defined by Equation [6], is the Newtonian 
potential due to a distribution of matter of surface density p in 
the plane z = 0. Suppose we have a volume V whose surface is S 


FIG.2 


and which intersects the plane z = 0 in an area A, as shown in 
Fig. 2. The theorem of Gauss then takes the form 


ov 
= —A4r 2 


If we take for the volume V a short right cylinder whose ends are 
in the planes z = 6z, z = —dz and whose section is dS, we will have 
dS = dA, and by letting éz approach zero we will obtain 


There is thus a discontinuity in dy /dz in the plane z = 0 for points 
inside R of amount —4rp. Outside R, since p = 0, there is no 
discontinuity in dy/dz. Since y is symmetrical about the plane 
z = 0, we have 


Hence, for z = 0, the equation for ¢, in Equations [5] gives o, = 
—>p inside R and c, = 0 outside R, since p is then equal to zero. 

For the displacements and stresses in the surface z = 0 we will 
introduce the subscript zero. From Equations [4] and [5] these 
quantities become 


1— 2p 1 2p Oo 

1— 2p .. [16] 
oyo Tyo = 0 
= — PD; = O 


in which Yo and ¢» are defined by the integrals 


R Po 

R 


where 
po = + [19] 


If we use the symbol A for the Laplacian operator in two di- 
mensions 


the function ¢ will satisfy Poisson’s equation in its two-dimen- 
sional form 


The sum of the stresses o:9 and o,) becomes 


which reduces to zero everywhere outside R. 
If A is a region in the plane z = 0 which contains part or all of R, 


wea 
z 
FIG. 3 


and if B is the boundary of A, as shown in Fig. 3, Gauss’s theorem 
in two dimensions tells us that 


Odo 
(Fe) ff [24] 


or the total outward flux of the gradient of a logarithmic potential 
¢ due to sources p per unit area in a region A is equal to 2x times 
the total of the sources in A. 

If the loading is of intensity w along a curve C, we may apply 
Gauss’s theorem, Equation [24], to a small rectangle enclosing an 
element ds of C and derive the value of the discontinuity in 0¢0/n 
at C, or 


We may call attention to the fact that the theory of elasticity 
breaks down near curves carrying loading along their length and 
near concentrated loads, as the displacements become discontinv- 
ous or excessively large at such places. 

In terms of polar coordinates, the displacements and stresses 
in the surface are given by 


4xG ar’ 45G 
9 __ 1 = | 
oro on or?’ Pp | 
_1= 24 2 (1260) | 
Qe ar \r 
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There are a number of cases in which the logarithmic potentis 
¢o defined by Equation [18] will be of a certain form outside 
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region R for an infinite number of different load distributions in- 
side R. It follows that in such cases, an infinite number of differ- 
ent load distributions inside R will give rise to the same stresses 
and horizontal displacements in the surface outside R. We here 
list some of these cases. Each one is discussed more fully in the 
Appendix. 

CaseI. Let R be a circle of radius a with center at the origin. 
Any radially symmetrical pressure distribution p = f(r’) within R 
as shown in Fig. 4a will produce the same logarithmic potential ¢o 


y 
z 
(a) 
z 
(d) 
FIG. 4 


and the same horizontal displacements and stresses in the surface 
outside R as a concentrated force P at the origin as shown in Fig. 


4b, providing 
a 
0 


that is, if P is the total of the pressures p. 
For both cases of loading, if r > a, we will have 


Any self-equilibrating vertical loading, radially symmetrical, 
distributed over R will produce no stresses or horizontal displace- 
ments in the surface outside R. 

Case II. Suppose we have a loading w per unit length of are 
around a circle of radius a which varies according to the law 


as shown in Fig. 5a. This loading will produce the same loga- 
rithmic potential and the same stresses and horizontal displace- 
ments in the surface outside the circle as a concentrated couple m 
at the origin, with axis along OY, as shown in Fig. 5b. The loga- 
rithmic potential and the horizontal displacements and stresses 
will be, for r >a 


—2 
560 sin 6 [32] 


A-149 
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orn = 008 6; oo = 0 
r 
. [33] 
1—2u m 1—2m. 
= — *— C089; = *— sin 
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These expressions are, of course, also valid for r < a for the con- 
centrated moment loading. 


z 
FIG.5 


The moment of the w loading about OY is equal to m. 
Cases of loading of the form 


over a circle of radius a can be investigated by superposition of 
ring loadings of the type shown in Fig. 5a. The equivalent couple 
M at the origin with axis along OY would be the moment of the p 
loading about OY. 

Case III, Let p(x’, y’) be any load distribution over a region 
R’ and let C be a closed curve outside of and enclosing R’, as 
shown in Fig. 6a. Let R be the region bounded by the curve C 


pdx'dy’ 


(b) 
FIG.6 


and let ¢o be the logarithmic potential due to loading p. The 
logarithmic potential, the stresses, and horizontal displacements 
outside R due to loading p(z’, y’) will be the same as those due to a 
loading w distributed along C as shown in Fig. 6b where w is de- 
fined by the relation 


Ps 
| 
(a) 
x 
2 
q 
org = gg = 0 
on = — tro = 0 
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Here, ¢’ is a logarithmic potential function defined by the require- 
ments that Ag’ = 0 inside C and ¢’ = ¢o outside C; the outward 
normal component of the gradient of ¢’ takes the value 0¢’/dn 
just outside C and the value 0¢’/dn2 just inside C. The potential 
¢’ is that due to the loading w alone. The total of the w loading 
is equal to the total amount of the p loading on R’. 

An important subcase of III is that for which ¢o is constant on 
C. Then ¢’ is constant in R and w is simply given by 


An interesting example of this subcase is the following. Let the 
loaded region be a line segment extending from x = —c, y = 0 to 
xz =c,y = 0, and let the intensity of loading per unit length of 
this segment be given by 


x 


z 
(b) 
FIG. 7 
sented in Fig. 7a. The logarithmic potential ¢o due to this load- 
ing, the horizontal displacements, and the stresses in the surface 
will be the same as those due to a loading w distributed around an 
ellipse C, whose foci are the end points of the line segment, where w 
varies according to the law 


o= [38] 
rab 


Here a and b are the semiaxes of the ellipse, and (z’, y’) is a point 
on the ellipse. The total of the w loading is Q. This loading is 


shown in Fig. 7b. 
We may go one step further and replace the ellipse C by a nar- 
row ring between the geometrically similar ellipses 


y? 
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and apply on this ring the uniform pressure 


The load per unit length on the ring will be everywhere equal to w, 
and the total load isQ. The outer boundary of the ring, given by 
Equation [39], is the ellipse C. If the ring is very narrow the 
logarithmic potential due to the loading upon it, the horizontal 
diplacements, and stresses outside C will be the same as for the w 
loading on C or the q loading on the line segment. 

To describe this stress system it is convenient to use elliptic co- 
ordinates \, v defined by 


x? y? 
c? cosh? c? sinh? 


x? y? 
c?cos*y  c* sin?» 


Outside C, the logarithmic potential, the horizontal displace- 
ments, and stresses will be 


= = — Qh; dy = 0... . [43] 


Qc*h* sinh \ coshd 
= — Qc*h* sinh X cosh A } [44] 
= Qcth* sin cos » 
in which 
[45] 


c (cos? sinh? \ + sin? cosh? A) 


The value of on the ellipse C is = cosh! a/c. The quan- 
tity h is the magnitude of the gradient of \ or the gradient of ». 
Inside C, for the case of the loaded ellipse, the stresses and hori- 
zontal displacements are zero, since ¢o is constant in that region. 

Case IV. Any two uniformly loaded confocal elliptical areas 
give rise to the same potential ¢ in the region external to both if 
the total loads are the same. Consequently, the stresses and 
horizontal displacements due to two such loadings are alike in the 
region external to both. 

More specifically, let C and C; be ellipses whose equations are 


a;? b,? 
and let 


so that the ellipses are confocal. We assumea >a,b >}. let 
po be the pressure on the area within C and p, be the pressure 02 
the area within C;. (It is not meant that we are superimposing 
these loadings; we are comparing them, assuming each exists 
separately.) The total loads on the two ellipses will be alike if 


Pidid, = = 


Both loaded areas will then give rise to the same logarithmic 


potential outside C. 
Now, let b; approach zero while a; approaches c and pail: te 


fr 
le 
2x \On /c 
. [42] 
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mains constant. The inner ellipse C, approaches the line segment 
from (—c, 0) to (+c, 0) and the loading becomes a force per unit 
length on this segment of amount 


The stresses and horizontal displacements in the surface outside 
C due to the q loading, as shown in Fig. 8a, will be the same as 


q 


FIG.8 


those due to the uniformly loaded ellipse shown in Fig. 8b. 
quantities, for the region outside C in both cases, will be 


These 


| 


= 
Ve+y (2 + yt?) 


Tryo = 


where 


1 
Y {a2 + + + 2)? + } .. [53] 


These expressions are also valid inside C for the case of the 
loaded line segment shown in Fig. 8a. 

Case V. Compare the effects of a semiellipsoidal loading which 
varies according to the relation 


over an ellipse C of semiaxes a and 6, with a parabolic loading 
along a line segment from (—c, 0) to (+e, 0) which is given by 


where 


= Vat — 


The two loadings are shown in Figs. 9a and 9b. The total 
amounts of the two loadings are alike, being 


The horizontal displacements and stresses outside C will be the 
same for both cases of loading. They are found to be 


8Gc y y 


y? (r—c)?+y? 2 


[57] 
— tan~! —— )— — 
c +f +9 
2) (rx—c)? + y? 
19 = —  poab | 2 5, 08 
2c? | +c)? +y? 
y z—c zr+ec 
tan~! ——— — tan7! 
| 
yo = — [58] 


c 
y, (z—c)*+y? 
2c (z + €)? + y? 


These expressions are also valid inside C for the case of the q 
loading. 

At the ends of the major and minor axes the stresses in the sur- 
face become 


1—2 —c\ ) 
= — = — poab (2 + log 
c c a 


(1 — 2u) 2b, 
(r2y0)e (rryo)s =0 


These values agree with those obtained by Belajef, referred to by 
Timoshenko (3). 
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The loading of Fig. 9b is that which results when two elastic 
solids with slightly curved surfaces are brought into contact 
(4, 5, 6). 

Case VI. Compare the effects of a uniform loading of intensity 
Q/2c per unit length along a line segment from (—c, 0) to (+c, 0), 
as shown in Fig. 10a, with those of the loading due to a perfectly 


Q/2¢ 


y 
z 
(b) 
FIG.10 


rigid punch in the form of an elliptical cylinder with a flat end 
pressed against the surface with a force Q, as shown in Fig. 10b. 
Call the periphery of the loaded area C. The elliptical section of 
the punch and its position on the surface are assumed to be such 
that (—c, 0) and (+¢, 0) are the foci of the ellipse C. 

J. Boussinesq (7) called attention to the fact that the problem 
of calculating the pressure distribution under any rigid flat-ended 
punch is essentially the same as that of calculating the electric- 
charge distribution in a thin conducting disk of the same shape as 
the cross section of the punch, and concluded that the pressure 
distribution beneath the elliptical punch is given by 


The potential ¢o due to either the p loading under the punch or 
the loading Q/2c along the segment, for the region outside C will 
be 


do {(x—c)? + y*} —(x+c) log {(z +c)? 


+ y*} + 4c + 2y 1 


which is also valid within C for the loaded segment. The hori- 
zontal displacements and the stresses in the surface, outside C, 
for both cases become 


+0)? + y?? 
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Qn (x? + y? + c2)?— 4r%c? 
(1 — ry 
(a? + y? + c2)?— 4r%c? 


and Equations [62] and [63] are also valid inside C for the loading 
on the line segment. 


Tue LoGarirHMic PoTENTIAL ¢ AS THE DEFLECTION OF A 
MEMBRANE 


The function ¢o as defined in Equation [18] may be looked upon 
as the deflection of a uniformly stretched membrane of circular 
form with a radius very large compared to the dimensions of the 
loaded area R. 

Let A be the radius of the membrane, and assume it can be 
taken indefinitely large. Let ¢ be the deflection of the membrane 
relative to its elevation at r = A which is assumed constant. 

If a concentrated force P is applied to the membrane at point 
z’,y’ situated a distance r’ from the center, and if r’/A is very 
small, the slope of the membrane surface in the direction of lines 
projecting radially from P will be 


where po is the distance from z’,y’ to the point z,y where df/dp» is 
evaluated, and N is the tension in the membrane. 
From vertical-equilibrium Equation [64] we have 


[65] 


where C isa constant. If the deflection is zero on the boundary, 
and if A is indefinitely large, we will have 


= 

For any distribution of pressure over a region R, every point of 

which is within a distance e of the origin which is infinitesimal 
compared to A, ¢ will be 


in which P is the total load on R. 

This expression will represent the deflection within an error that 
can be made smaller than any preassigned quantity by taking A 
sufficiently large compared to e. 

Introducing ¢o as defined by Equation [18] we have the rela- 
tions 


[68] 

go = + PlogA 

grad ¢ = —2xN grad¢ (69) 


The slope of the membrane in a given direction when multi- 
plied by (1 — 2u)(N/2G@) will therefore be analogous to the horizon- 
tal displacement in the surface of the elastic solid in that direction. 
The stresses can be expressed in terms of the second derivatives 
of 


ox 
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An ANALOGY BETWEEN Two- AND THREE-DIMENSIONAL STRESS 
SysTeMs FOR SEMI-INFINITE BopIEs 


Let the load on the semi-infinite elastic body be distributed 
with an intensity q = f(a’) along the line segment from (—c, 0) to 
(+c, 0) as shown in Fig. lla. 


FIG.11 


The stresses in the surface will then be given by 


1 — 1 — 2u 
1— 2u 


If we have a semi-infinite solid in a state of plane strain loaded 
by pressure distributed along the band between z = —candz =c 
with an intensity p = f(z’) as shown in Fig. 116 and if we take the 
z, z plane for the surface of the solid, the stresses in the interior 
will be 


Qe dy 2x dz? 
oy 
2m Oy 2m Oy? ( (72 
y 
2x 
where 


The function V is simply the value taken by ¥, as defined in 
Equation [6], when the new orientation of the axes is used, one 
integration is carried out, and an infinite constant is dropped. 
The constant contributes nothing to the stresses. 

Consider the shearing stress on 45-deg planes obtained by form- 
ing half the difference of oz and oy. Call this rs. This shearing 
stress, since AV = 0, will be 


We may now put down the following relations between the 
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quantities in the plane-strain problem and those in the loaded- 
segment problem 


—2y _ 
= = jan Tyo 
[76] 
Tzy = Try0 


Therefore, if we know the shear stresses on 45-deg planes and 
on planes perpendicular to the z and y axes in the plane-strain 
problem, we will be able to calculate at once the stresses ozo, cyo, 
tzyo in the surface of a semi-infinite solid loaded along a line seg- 
ment. 

To illustrate this analogy, suppose we have a uniform load po 
over the band between z = —c and z = c in the surface y = 0. 
The stresses will then be (8) 


—tan=! 
y 


yiz—c) | 
+ y? 


y 
_ y(z—e) y(z + c) 
(r—c)?+y*? 
(x 
™ 
and we have 
_ Po +0) 


We therefore conclude that for the case of a uniform load q per 
unit length along a line segment on the surface of a semi-infinite 
body, extending from (—c, 0) to (+c, 0) 


(1 — 2u) z—c 
= — = on qo + y? 
z+e 
(1— 2u) (rx—c)?—y?  (x+c)?—y? 
Tzyo = — qo 


An algebraic simplification shows that these expressions are 
identical with those given by Equations [63] when we put go = 
Q/2c. Since the stresses in the surface due to the loaded line 
segment are the same as those for a rigid elliptical punch loading 
outside the loaded region, we can calculate the latter stresses at 
once if we know the stresses for the uniform load over a portion of 
the boundary for the case of plane strain. 

This analogy holds equally well for a state of plane stress in- 
stead of plane strain. The loading on the edge of the plate will 
then be pt = tf(x’) per unit length, where ¢ is the thickness of the 
plate. 

Since photoelastic tests can be made to determine the shear 
stresses rzy and r,s (it is only necessary to observe the principal 
stress difference and the orientation) the way is open to the evalua- 
tion of the stresses in the surface for loading along a line segment 
by means of plane stress photoelastic tests. 
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SUMMARY 


I There are a number of cases in which an infinite variety 


of loadings inside a region R give rise to the same stresses and 


horizontal displacements in the surface outside R. Cases in- 
vestigated are shown in Fig. 12. 


CASE 


@ 
© case (3) | CASE (3) | 
(GENERAL) (SPECIAL) 


(6) 
FIG, 12 


II The analogy between the logarithmic potential ¢o due to 
the loading on the solid and the deflection ¢ of a large circular 
membrane with the same loading states that 


ogo = + PlogA 


III Shear stresses 7,, and 745 in the plane strain problem of 
the semi-infinite body with loading p = f(x’) on the surface 
y = 0 are analogous to stresses r,,, and ¢,, (or — o,,) in the 
surface z = 0 of a semi-infinite solid with loading q = f(z’) 
along the z-axis. The latter quantities are multiplied by the 
factor —2y/(1 — 2u). 


Appendix 


If R is a region in the finite part of the plane z = 0, and if two 
different source distributions p = f(z’, y’) and p: = fi(z’, y’)in R 
give rise to logarithmic potentials 


R 


such that outside R 


then we can say that ¢o = ¢o: everywhere outside R. For, by 
Gauss’s theorem, if B be any closed curve outside of and surround- 
ing R 


gradn gods = grad, = 
B B R 
R 


and the total loads in 2 in both cases will be alike and equal to P. 
If there is any difference between ¢o and ¢a outside R, they will 
differ by an additive constant, by virtue of hypothesis of Equation 
{82]. But since the loadings in both cases are of the same total 
amount we have 
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Lim P log r) = 0 


[84] 
im 

(doi P log r) = 0 

which is impossible if ¢o differs from ¢o by a constant. Hence ¢o 


must equal ¢o; everywhere outside R. This proposition is useful 
because it reduces the problem of proving two logarithmic poten- 
tial functions, Equations [80] and [81], equal to that of proving 
that their gradients are equal. 

We will now amplify the treatment of the different cases of 
loading producing the same stresses and horizontal displacements 
in the surface outside the loaded area. 


CaseI. Consider the loading p = f(r’) on the circle of radius a. 
Applying Gauss’s theorem in two-dimensional form of Equation 
[24] toa circle outside r = a and of radius r we get 


r 
doo 
or r 


But this is the same as the radial component of the gradient due 
to the concentrated force P at the origin. The tangential com- 
ponent of the gradient is zero in both cases by radial symmetry. 
Hence, for r > a in both cases the gradients of the logarithmic po- 
tentials are alike and the potentials themselves are alike and 
equal to 


and the stresses and horizontal displacements are easily calculated 
by Equations [26] and [27] and shown to be the expressions given 
by Equations [29] and [30]. 

The stresses inside the loaded area can also easily be found for 
the case of the loaded circle. Again, by Gauss’s theorem, for r<a 


Ido 

2er = Qer'f(r’)dr’ = 2eP,..... [88] 
Or 0 
Oo P, 
ar? = 2rp — (90) 


in = 0 (91) 
1— 2, P, 
(92! 
1— } 
= — 2up— Treo = 


Outside the circle r = a we have P, = P and p = 0so that Equa 
tions [29] and [30] are particular cases of Equations [91] and 
[92]. 

Comparing the stresses just inside the circle of radius a with 
those just outside, we see that there is a discontinuity in 7 % 
r = aof amount p,, the pressure at r = a, and a discontinuity ® 
ogo of amount 2up,. 

The vertical displacements of the surface will not be alike for 
the two cases of loading. For the loaded circle 
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while for the concentrated load 


If the pressure distribution in the circle is such that p = 0 for 
r< band p = f(r’) for b < r < a, the stresses and horizontal dis- 
placements would be zero inside the ring. 

Case II. The equivalence of the logarithmic potentials outside 
the circle of radius a for the loadings shown in Figs. 5a and 56 can 
be demonstrated as follows. 

Let P be a downward force at z = c, y = 0 and —P be an up- 
ward force atz = —c,y = 0. Let P = m/2c. Nowif we allow 
¢ to approach zero, keeping m constant we obtain the concentrated 
couple of Fig. 5b. The potential due to force P will be equal to 
the potential due to a uniform pressure pp = P/1ra* over a circle of 
radius a and center at (+c, 0). The potential due to force —P 
will be equal to that due to pressure —po over a circle of radius a 
with center at (—c, 0). As c is allowed to approach zero the 
circles overlap and their loads cancel except for semicircular cres- 
cent-shaped regions on either side of the y-axis. The loading on 
the crescent on the side z > 0 is po and the loading on the other 
crescent is —po per unit area. When c becomes very small, the 
width of the crescent region becomes 


and the load per unit length around the circle r = a, becomes in 
the limit as c + 0 


1 
w = Lim pot = Lim — — 2c cos 0’ pawedwer ei [96] 
2¢ ra? 


m 
w = — cos 6 
ra? 


Since the potential due to the loaded circles was at all times equal 
to the potential due to the forces P and —P during this process, 
in the limit the potential due to the w loading becomes equal to the 
potential due to the concentrated couple m, for the region outside 
the circler = a, The logarithmic potential of a plane doublet of 
moment m is well known and is given by the first of Equations 
[32]. The horizontal displacements and stresses are easily ob- 
tained from ¢o. 

Inside the circle of radius a for the loading of Fig. 5a the poten- 
tial gradient may be calculated by a similar type of reasoning and 
found to be 


Odo m cos 6 Odo m sin 0 (97] 
The stresses in the surface are zero inside the circle r = a. There 


is a discontinuity in d¢o/dr at r = a of amount 2xw as would be 
anticipated by Equation [25]. 

The vertical displacements are not alike for the two cases of 
loading, being 


1—yumecosé 
2rG r? 


Wo = 


for the concentrated couple, and 


= —— '(n) — E’ 
for the w loading on the circle, where n is the number 
2 
nz 


r+a 
and F’ and E’ are the complete elliptic integrals of first and second 
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type; symbols K and E are sometimes used, as by Peirce (9). 
Since wo for the w loading varies as the product of cos @ with a 
function of r, points on a circle r = constant will remain in a plane 
after the vertical displacements have taken place. 

Case III. Here we had p(z’,y’) as a source distribution in a 
region R’ and C a closed curve around R’ and outside it as shown in 
Fig. 6a. Let the value of ¢o due to the sources p be ¢oc on C and 
not necessarily constant along this curve. Now it is possible to 
find one and only one source distribution w along C such that the 
logarithmic potential due to sources w is equal to ¢o- on C and 
equal to ¢o outside C, and this source distribution is the one de- 
fined by Equation [35]. This constitutes the two-dimensional 
statement of a proposition in potential theory due to Green (10). 
The proof that the potential due to sources w on C is actually ¢o 
outside C may be outlined as follows. 

Let the potential due to sources w be V. 
wand V 


Then, by definition of 


1 0p’ 9’ 
V = — f —— 


where po, as usual, is the distance from a point x’,y’ on C to the 
point z,y where V is to be evaluated. Noting that 0¢’/dn, = 
Odo/On, since ¢’ = go Outside C, we have, by Green’s transforma- 
tion (11) 


= ra) ra) 
Vv f 2 d. 


c 


R 


The line integral vanishes since ¢o = ¢’ = ¢oc on C, and the nor- 
mal derivative of log po is continuous from one side of C to the 
other. In the integral over R all terms except Ado log po are zero. 


Therefore 
1 
R 


But Ado is 2xp where p is the source intensity in R’ giving rise to 
¢o, and consequently 


But this is precisely ¢o. Therefore, the sources w on C give rise 
to potential ¢p outside C. Inside C, for the source distribution w, 
we will have AV = Oand V takes the value ¢.- onC. Hence V = 
¢’ inside C, since Laplace’s equation has a unique solution in a 
region when the value around the boundary is given. 

The loading w defined by Equation [38] is the one which makes 
the ellipse C on which it is applied an equipotential curve. We 
are guided in the treatment of this problem by the well-known 
theory of the electric potential due to a charged ellipsoidal con- 
ductor (12). When the ellipsoid is made infinitely long it be- 
comes an elliptical cylinder. The electric charge distributes itself 
on the surface so as to make this surface one of constant potential. 
When the elliptic coordinates \, » are used to describe the poten- 
tial field it is at once evident that the potential is linearly related 
to A, since A is a harmonic function of z and y and therefore fulfills 
the requirement for the potential outside the charged cylinder 
and since ) is constant on the charged surface. 

In the first of Equations [43], for ¢, the term —log 2/c is intro- 
duced so as to make the potential approach Q log r at an infinite 
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5] 
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distance. ‘The source distribution w on C is obtained by applying 
Equation [25], noting that Oge/On, is zero since ¢» is constant 
within the ellipse. This gives us 


Expressing A in terms of rectangular coordinates z’, y’ of a point 
on the ellipse we obtain the distribution given by Equation [38]. 

Since \ is a function_of z, y and the focal distance c, the poten- 
tial given by the first of Equations [43] will be the one correspond- 
ing to a source distribution w around any ellipse having foci 
(—c, 0), (+c, 0). We can state that all confocal ellipses carrying 
a source distribution given by Equation [38] will produce the 
same potential in the region external to all, when the total source 
strength is the same in all cases. The smallest one of such con- 
focal ellipses is an infinitely narrow one which coincides with the 
line segment between the common foci. The loading per unit 
length on this line segment will be 


Q 


The g loading on the line segment given by Equation [37] thus 
produces the same potential outside C as the w loading on C given 
by Equation [38]. 

In connection with the discussion of the elliptical ring having C 
as its outer boundary, the width of this ring may be shown to be 


k 


a‘ bt 
so that the load per unit length, pot, is 
Qi Q 
pi@=- = = {107] 
2rabk |/z y 
2rab 


The width of the ring ¢ at point z’,y’ is the product of k and the 
distance from the origin to the tangent line to C at z’,y’, as may 
be seen by geometrical reasoning. The distance to the tangent 


line is 


so that we see the loading w is distributed around C proportion- 
ately to this distance. 

Case IV. The proposition here stated, that any two confocal 
ellipses having uniform source distributions over their areas give 
rise to the same logarithmic potential in the region external to 
both if the totals of the sources on them are alike, is the two- 
dimensional form of Maclaurin’s theorem (13). This theorem 
states that two homogeneous, solid, confocal ellipsoids of the same 
total mass produce the same gravitational attraction (and poten- 
tial) in the region external to both. One may prove the two- 
dimensional form of this theorem either by first establishing it for 
ellipsoids and then choosing the ellipsoids infinitely long, or else 
by starting at the beginning and reconstructing the proof for the 
two-dimensional case. We will not go into the proof here, though 
it is of theoretical interest and not difficult. 

The two-dimensional problem of calculating the logarithmic 
potential due to a uniform source distribution over an elliptical 
disk is the same as that of calculating the Newtonian potential due 
to an infinitely long elliptical cylinder. This problem is most 
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easily handled by first obtaining the expression for the potential 
of a solid homogeneous ellipsoid (13) and then allowing one axis of 
the ellipsoid to increase indefinitely. In this way we find that the 
logarithmic potential of the uniformly loaded ellipse is 


1 
oo = — 5 (V—V4—2porablogA)........ [109] 
where A is a distance r that increases without limit and , 
2 3 
V = xabp J, 11 
t 
and y, given in Equation [53], is the positive root of the equation [— 
y? } 
The function V is the Newtonian potential of an infinitely long ; 
elliptical cylinder of density po. The integral in Equation [110) | - 
can be evaluated without difficulty and, for external points, we | _ 
find 
rab V + y) + + (c?/2) 
oo = 2 Po| log 2 ol 
27? 2y? \" 
—{1— 
For large values of x? + y? we find that ¢o approaches rabp, . 
log ¥(z* + y*) as it should. The constants in Equation [109 J 
were chosen for this purpose. For points inside the ellipse we [ 
take y = b* in evaluating the integral Equation [110] and obtain [ wi 
rab (a+b)? b 2y? a 
me 
From Equation [112] the gradient of ¢o can be easily calculated by 
and Equations [51] and [52] are derived. For points inside the - 
loaded ellipse the gradient is calculated from Equation [113] anc - 
the horizontal displacements and stresses become - 
1—2 —2 
Qz Qy . {114 
2rG \a(a +b) 2rG \b(a + b) Wo 
1~2 
20 (a + b) 
1—2 Q 
{115 anc 
Tyo (a + b) 
Tzyo = 0 Wo 
Inside the ellipse, therefore, ozo, are the principal stres@ 
and they are constant everywhere over the elliptical area. T™ 
resultant horizontal displacement +/(uo? + 00?) is constant aroun 
ellipses geometrically similar to C. 
The stresses are discontinuous at the edge of the loaded ellip= ' 
For, as the ellipse is approached from the outside the stresses * |] whe 
come, by Equation [52] i Equ 
ab} 
79 = — = gral: 
1— 2u 
Tryo = zyb Wy = 


Q (5). 


= 
— Qg 
“le 
[108] 


9) 


10) 


[113 


WAY—SOME OBSERVATIONS ON THE THEORY OF CONTACT PRESSURES 


Case V. In this case we compared the semiellipsoidal loading 
of Fig. 9b with the parabolic loading on a line segment between 
the foci of the loaded ellipse, as shown in Fig. 9a. 

That these two load distributions produce the same logarithmic 
potential outside C may be shown by dividing the semiellipsoidal 
loading into a number of uniformly loaded elliptical areas, as 
indicated in Fig. 9b, each carrying a pressure dp. A typical one 
of these elements would be the ellipse of semiaxes a +/[1 — 
and b ~/[1 — (p*/po?)] with foci at z = +c’, y = 0 where 
ce’ = ¢ [1 — (p*/po?)]._ By the proposition of case IV, the 
potential due to this element will be equal, outside it and hence 
outside C, to the potential due to loading dq per unit length along 
the line segment from (—c’, 0) to (+c’, 0) which varies as 


2d "3 
(117) 
c c 
where dQ is the total load on the element, given by 
dQ = rabdp[1 — [118] 


When the elemental ellipse with load dp has a focal distance equal 
to z’, the magnitude dq of the semielliptical load corresponding 
toit at xz’ is zero. All of the elliptical elements smaller than this 
one will have corresponding semielliptical loadings which do not 
extend as far as x’. Consequently, the load on the line segment 
corresponding to the full semiellipsoidal loading will have magni- 


tude at z’ given by 
b 
= (1 — —). (119) 
2c 


P 
q(z') = (: 
rJo c 
Pp = po — (2’2/c*)] 


where 
Here p is the value of p for which the corresponding elliptical ele- 
ment has focal distance c’ = 2’. 

The logarithmic potential due to both cases of loading is found 
by direct integration, using the parabolic loading on the line seg- 
ment rather than the semiellipsoidal loading, to simplify the 
integration. 

The vertical displacements in the surface are different in the 
two loadings. For the semiellipsoidal loading we have inside C 


4nG sa 


and outside C 


Y 


where a@ = cot-! +/[(y — b*)/a*] and y is as defined in 
Equations [53] and [111]. We see that inside C the deformed 
surface is an elliptical paraboloid. The evaluation of the inte- 
grals involved outside C is due to V. A. Hoersch (14). 

The displacement wo for the parabolic loading is 


+4) 


| 


Wy = 


4G 
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Vv (a +6)? + \ 


VI + y?| 
+0)? + 
3z—e 


V [(z—e)? + y?] 


Case VI. The validity of the statement that both types of 
loading shown in Figs. 10a and 106 in this case produce the same 
logarithmic potential in the region outside C can be shown by 
dividing the loaded elliptical area into elliptical rings bounded by 
geometrically similar ellipses. ‘The pressure on any one of these 
rings will be uniform around its periphery and will produce the 
same logarithmic potential outside C as a loading on a line seg- 
ment of the type discussed in case III. Superimposing all such 
segment loadings corresponding to all the loaded ring elements we 
obtain the uniformly loaded line segment of Fig. 10a. The 
logarithmic potential due to this loaded segment may be easily 
calculated. The vertical displacements wo are different for the 
two types of loading. For the line-segment loading 


V(c? + y) 
c 


— coth™! 


Wo = 


while for loading applied by the rigid punch we obtain, outside C 


1— Q c 
Wo = F (« ‘) [124] 
and within C wo = Q F’ [125] 
a a 


Ata great distance from the origin Equations [123] and [124] both 
approach [(1 — «)/2xG]-(Q/r) asymptotically. Since a depends 
on y and since the curves y = constant are confocal ellipses we see 
that for both types of loading the surface deflection is constant 
around ellipses confocal with C. 
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Forty-Eight Ordinate Harmonic Analysis 
and the Harmonic Spectrum of 
Two-Cycle Diesel Torque 


By NANCY KLOCK,! EAST HARTFORD, CONN. 


For the harmonic analysis of periodic curves, machines 
as well as numerical methods are available. The ma- 
chines are expensive and not generally available, and time 
is required to learn their operation. Therefore, an occa- 
sional analysis of a curve consumes even less time by the 
numerical method than by the machine. The best known 
numerical method is that of Runge (1)? described in many 
places; a good account is found in Scarborough’s book 
(2). The principle is clear, but writers usually give the 
method for 6, 12, or 24 ordinates for the sake of simplicity, 


CCASIONALLY it is found desirable to determine the 
C )iierorse Fourier harmonics present in a repeating 

curve. A simple numerical method to obtain orders as 
high as desired has been worked out by Runge (1). Scarborough 
(2) gives an excellent description of the general method together 
with a complete scheme for 24 ordinates which allows the deter- 
mination of the first 12 harmonics. For most cases the accuracy 
obtainable is insufficient. Other numerical methods for special 
purposes have been proposed by Lewis (3) and Zipperer (5). 

When higher harmonics, or better accuracy in the lower ones, 
are wanted, more than 24 ordinates from the original curve must 
be chosen. If the ordinates at 48 equally spaced abscissas are 
taken, the constant term and 23 sine and 24 cosine components 
can be obtained. This article is primarily intended to make avail- 
able a simple procedure by which from 15 to 20 harmonics can 
be computed quite accurately, the remaining high harmonics 
becoming less accurate. Since Runge’s method has been well 
described in several articles and books (2), his theory will not be 
repeated in this paper, but only the procedure itself is described. 

To simplify the description of the procedure, it is applied to a 
specific case. An indicator card, supplied by the Busch-Sulzer 
Bros. Diesel Engine Co., has been converted to a curve of 
torque versus crank angle, as shown in Fig. 1. The torque mag- 
nitude is given in arbitrary units and the harmonics are later 
converted to per cent of mean torque which is represented by the 
dotted line in the figure. From this curve the values of the 
torque harmonics with respect to engine speed are computed as 
follows: 

1 The 360-deg cycle is divided into 48 equal parts, that is, 
into 7.5-deg intervals. The ordinates at these divisions are called 
Yo, Yiy Y2, ---- Yar, Corresponding to wt = 0, 7.5, 15, .... 352.5 
deg, respectively. The y values, including signs, must then be 
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which is not sufficiently accurate for most applications, 
In this paper the 48-ordinate scheme is fully given in 
Tables 1, 2, and 3. 

For the analysis of torsional vibrations the harmonic 
content of the torque curve of the disturbing engine is re- 
quired. Such analyses have been published for the four- 
cycle Diesel engine (3) and for the four-cycle gasoline en- 
gine for aviation purposes (4). But to the author’s knowl- 
edge none have been published for the two-cycle Diesel 
engine. Sucha spectrum is given herein. 
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Fig. 1 Torque Curve or a Two-Cycite Dieser ENGINE 


(The torque values have been obtained from an indicator card supplied by 
Busch-Sulzer Bros. Diesel Engine Company. The values are for 
full-load conditions.) 


placed in the second and third rows of Table 1 in the order indi- 
cated by the printed numbers of the first row in this table. 
(At this point it should be noted that ya, at the mid-point of the 
cycle, is placed at the beginning of the third row and yos is then 
placed under y2; at the end of the row, etc.) 

2 Adding algebraically (yo + yes), (yi + yar), (Y2 + 
(y2s + Yes), the values for the sums ¢o, Ci, C2, ....C23 are then 
placed in the fourth row of this table. Subtracting algebraically, 
(yo — yrs), (yr — yar), (Y2 — Yas), (Y2s — Yas), Similar values 
for the difference terms d are found and placed in the fifth row. 
This completes the first part of Table 1. 

3 The values of co through ¢:3 are then copied in the second 
rectangle on the left, those for do through d,; in the second rec- 
tangle on the right. The addition and subtraction procedure i§ 
now repeated, resulting in e and f terms from the c’s, and g andh 
terms from the d’s. 


A-158 


= 
(b 
] 24 a: 
24 
2 

a, 


KLOCK—HARMONIC ANALYSIS TWO-CYCLE DIESEL FORQUE A-159 


4 The remaining computations in Table 1 are similarly 


As an example take the ninth harmonic 
filled in as directed. 


5 The values A; (= sin 7'/, deg), Az (= sin 15 deg), .... 24 a = —(1.49 — 0.280) — 0.383 (+ 2.325) + 0.707 (+ 1.945) 
Ay (= sin 82'/2 deg), are included in Table 1, making the sheet + 0.924 (+ 1.045) = + 0.240 
complete with all the information necessary for further work 24 b, = + (0 — 0.340) + 0.383 (— 0.475) — 0.707 (— 0.155) 
in the determination of the desired harmonics. — 0.924 (— 0.005) = — 0.408 

6 The remaining procedure is equally simple. Tables 2 ss . 
and 3 give the values for the sine and cosine components of each °° that a, = + 0.0100 and b, = — 0.0170, both in the arbitrary 


frequency and by substituting values from Table 1 into these units chosen. The value found for by in these units 
equations, the sine terms (a; through a3) and cosine terms 


1 1 
(bp through ba.) can be found. These are the coefficients which 48 (po + pi + Pr) = 48 (+ 1.895 + 1.785 + 2.095) = + 0.1203 
go into the Fourier series 


represents the mean torque, and the sine and cosine functions, 
. Slat) = bo + by cos wt + by cos (2 wt + gx) + ...... in per cent of this mean value, are respectively 
+ bog cos (24 wt + ou) + a, sin wt + a, sin (2 wt + 2) = 8.3 per cent of mean torque 
c ee + do3 sin (23 wt + gy) by = 14.1 per cent of mean torque 
™ TABLE 1 48-ORDINATE FOURIER ANALYSIS 
2 3 4a 5 6 7\|8 9 11 113 |} 14 15 | 16) 17 | 16 | 19 | 20 42) 23 
4) 446) |f4-4) 43) |(42) | (39) | (38) | (37) | (36) [(35) 1694) | (33) | (32) | (30 _| (30) | (29) | (28) | (27) \(2@ |(25) 
y | 500| 00 |1120 | / 060| 940| 6/0 |.675|.575 | #50|.375 |.310 | .260| 210 | .160|.15 |.000|.045| .a20|.005| 0 | o | o | 
O |-495 |-.475 |~.430|- 350|-270| -190 |-/5S |-W5_|-.07F O | 0 
sum: C O | MS |,505 | 646 | .630| 590| .540 | 485 | 420 | 335 |.300 |.270 | 240 |.205| .40|.//F |.000 | |.020|.005| 
diff: d O |/455 | / 505 | /.490 | 1.290 |/.080| 865 |.730 |. 565 | 450 | 280 | ./60| HS |.080|.045 | .020|.005| 
Fr | & tat st ete 
(12) |(23) | (22) \(21) | (20) [(19) | | 05) | 04) | (13) (12) | (23) \(22) | (20 | (20) | (19) | Ga) | (17) | Ge) | 5) | G4) 03) 
Cc |.505 |.645|.630 |.590 |. 540 |.485 |.420 |.935 |.300 |.270 d 065 )|.730 |.s65 |.450 |.350 
240 | 0 0 © |.005 | .020 |.045 |,080 |.uS |.160 |,205 280 | o | © |.005|.020|.045 | | .160 |.2/5 
sum: @  |.240 | |.505 |.645|.630 |.595 |.560 |.530 |.s00 |.450 |.460 |.475 sum:  |-280 | |1455| 1595 |1490 | /.295\1.100 | .910 |.810 |.680 |.6/0 |565 
diff: f | sos | 630 |.sa5 |. s20 |.440 |.340 |.220 |./40 |.066 | |aift: |-.200|.8/5 |/455 | 1595 |1490 285 060 |. 820 |.650 |.450 | .290 |.135 
e 240 |. 185 |. 505|.645| 630 |.595 let ./55 Got Jio™ 280 |. 595|1490\/285 
560 |.475 |460 |.450 | 500 | 530 1.060 |.290 |.450| 650 |.820 
sum: |.e00 L660 |. 965 | 4.095) 1.1390 Fu .005 93* sym: M |. 780 | 950 |).745 
diff: 1 Loss diff: n 600 |/.165 
A, =./31 =, 
k (3) | (5). | (4) l A3*.383 Ag=.924 (D |@ (3) |@ 
800 |. 660). 965 | 2290}. 045) Ag=.500 A=. 966 [700 
O95 126 \1.190 195 |.065|./30 As5*=.609 Ay *.99! 2.046 2.105 \2.140) 1145 |.465\ B40 
| sum: 035) 175 Ag=.707 sum: t |Sum:V 
diff: Q | diff: S 085} Giff: U | diff: W | 
8 a TABLE 2 SINE TERMS FOR FOURIER ANALYSIS WITH 48 TABLE 3 COSINE TERMS FOR FOURIER ANALYSIS WITH 48 
ORDINATES ORDINATES 
48 bo = + pot m+ m 
iby 24a: = + he + Asm + + Aoms + Asma + Atoms = + fe + + tan 
= + (94 — diz) + Aaj + + Adis be = + (de— fe) + Atte + Ace + 
24a, = + ns + Aan + 24h = +l t+ dom + Asn 
24a, = + diz — Aigs + — Asgs + + — + Aton — = + do— + + Asfs + Asfu— + Atfi— Asfa + 
Asgs + Asgs + Arog2 — Angi Asfe + — 
24 a = + (m2 — he) + Ao (ur + ma) 24 be = + (fo— + Ae (81 — Is) 
= — diz + + + Asgs — Auge — Asoun — + + 2467 = + do— Aifs— Asfe — Aafo + Aafe + Ashi + Aofe— Arfu— Ashe — 
Asgs + Asgs + A1og2 — Angs Asfs — + 
24as = + As (wi + wr) 246s = + + As 
= — — dis) — Aaja + + 24 bs = + (do — fs) + Ast: — Asiz — Asis 
24 a0 = + he + Aoms + — — + 24 boo = + fo + Ach — Aols — Asle Auols 
24an = — dis — Aign + Arg: + Asgs — — + + Args— 24 bu = + do + Aifi— Asfio— Asfs + Aafs + Asfe— Acfe— Arfr + Asha + 
Asgs — Aogs + A1ogio + Ang Aofs — Aiofe — Aufu 
= + — ny 24 be = + lo — 
24a = + dis — — + + Auge — Asgr — Ags + Args + 24 = + do— — Asho + Asfs + Asfs— Ache + Arfr + Asfa— 
Asgs — Aogs — + Aug — Awf: + Anfu 
Ney — 24 bu = + fo — Ach + + Acls — Asl2 — Anols 
“4 6+ Aoms Aym Aems Asm + 24 bu = + (do— fe) — Asti — + Ants 
24 aie 24 bis = + po — Aa + 
8 (wi — we on 
24a17 = + dip + Aigi — + Asgs + — Asgu + Asgs + Argi — + de + Arh Ashe + Ash + 
24 ais Asgs + Asgs — — Angs 24 bis = + — — As (n — 8) 
= me — he (ur + ms = +do+A Aofe + Asfs + Asfs Asfiu — Asfe Arfi— Asfa — 
24 = — die — Aigs — Axio — Arg» — + Am + Acgs + Argun + ” ah + 
sgs + Asgs — Aiog2— Angz 24 bo = + lo + — 
= a0 = + ng + Ayn — Aare 24 bu = + (do — fs) — Asis + Asiz — Aois 
Qn = — (94 — diz) + — + Aojs 24 be = + fo — Aals + Aals — Acls + — 
24 = — he + Azmi — + Aoms — Asms + Aroms 24 = + do — Aifir + As fio — Asfo + — + Acfe — Arfe + 
= — die + Aigi — + Asgs — Asya + Asgs — Acgs + Arg? — 


Asfs— Aofs + Arof2— Aufi 
Asgs + Asgs — Arogio + Angu 24 bu = + go—m + pz 
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7 The absolute magnitude of each frequency in this series is 
then obtained by adding the squares of the sine and cosine com- 
ponents for this 9th order torque: 


Ty = (8.3? + 14.12) = 16 per cent of mean torque 


In this manner the other torque harmonics present in the two- 
cycle Diesel engine have been computed and these values are 
represented by the solid curve of Fig. 2. The values are given 
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up through the 14th order, in terms of the full-load mean torque. 
As mentioned previously, the procedure herein described gives 
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very good accuracy for the harmonics up to about the twentieth, 
while the still higher ones become unreliable. 

The indicator card from which these harmonic torques were 
determined was for one of six cylinders under full-load conditions, 
The dashed line of Fig. 2 is the result of a similar analysis for 
half indicated power; because of internal friction, the brake 
horsepower for this condition is about one fourth the full-load 
brake horsepower. The ordinates for this harmonic curve are, 
as before, in per cent of full-load torque, not of mean quarter-load 
torque. 

It is interesting to note that the peak pressure at half indi- 
cated power is about 10 per cent lower than the peak pressure 
at full load and that the harmonic disturbances are less by a 
similar order of magnitude in spite of the fact that the mean 
torque has been halved. 
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Turbine-Blade Vibration Due to 


Partial Admission 


By R. P. KROON,' PHILADELPHIA, PA. 


This paper deals with stresses in steam-turbine blades 
set up during partial admission, that is, when the steam 
loading on the blades is intermittent. By making simpli- 
fying assumptions about the character of the loading, it 
is possible to develop simple relations showing how the 
blade stress depends on freqvency, running speed, and 
damping. Apparatus to determine experimentally the 
damping of blade steels and optical equipment to investi- 
gate the exact nature of the steam forces acting on the 
blades in actual operation are described. 


HE term ‘‘partial admission” is used whenever steam is 

admitted to the rotating blades of a turbine over only a 

portion of the periphery. Fig. 1 illustrates this type of 
steam flow. It shows a single wheel propelled by a steam jet 
emerging from a series of nozzles, covering but a small part of 
the circumference. 

Partial admission has been applied since the earliest days of 
the steam turbine. Because it produces high turbine efficiency 
at low loads, it has been used on units of all sizes. However, the 
use of partial admission on large high-pressure high-temperature 
machines has created an industry-wide problem of shroud and 
blade failures. 

The blades, passing through the steam jet every revolution, 
are loaded intermittently. The general character of the force 
acting on the blades is represented in Fig. 2. In this figure the 
force is plotted as a function of time, or as a function of distance 
traveled by the blade, during one revolutic : of the rotor spindle. 

First occurs a period in which the blade, entering the nozzle 
jet, is subjected to variable steam forces before steady flow 
through the blade passages on either side of the blade is estab- 
lished, 

During the following or second period, the force on the blade 
is substantially constant, except for some slight periodic varia- 
tions caused by wakes in the steam flow behind the nozzle vanes. 

The third period corresponds to the blade leaving the steam 
jet. 

As they rotate, the blades are subjected to a variable loading 
such as shown in Fig. 2 once every revolution. If the conditions 
are such that the steam forces in the first and third periods are 
for a major part in phase with the blade velocity, energy is fed 
into the blade system continuously and large vibratory motions 
with high stresses result. 


ViBRATORY CONDITIONS OF BLADES 


It will be advantageous to examine first the vibratory condi- 
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tions of blades with the simplest possible loading diagram, shown 
in Fig. 3. 

In design, it is of special interest to know the maximum 
amplitudes of vibration which can exist for a given steam force 
Py. Considering the type of loading shown in Fig. 3 to be a series 
of successive instantaneous loadings and unloadings, it is obvious 
from energy considerations that maximum motion will result as 
the load is applied when the blade is in its extreme backward 
position, and removed when the blade is in its extreme forward 
position. Actually the timing of the steam-jet loading with re- 
spect to the blade motion is hard to predict accurately because 
there are a large number of vibration cycles, say, between 20 and 
60 for every revolution. 

Fig. 4 shows the motions of blade with a single steam jet and 
with the worst possible timing of the load. In the following, the 
blades are considered as having a single degree of freedom so 
that at all times amplitude and stress are proportional. Let 
Yy,, be the static deflection of the blade under the force Py and let 
there be n cycles of vibration per revolution, n being an integer. 
Let there be nm, cycles in the loaded period and mn, cycles in the 
unloaded portion of the revolution. For maximum amplitudes 
m2 should be equal to any integer +1/2. 

A sudden application of the load is equivalent to a shift of the 
neutral point about which the vibration takes place. With 
6 being the logarithmic decrement, the various amplitudes, shown 
in Fig. 4, are related as follows 


Fie. 1 Tursine WHEEL OPERATING WITH PARTIAL ADMISSION 
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These equations are sufficient to solve for the unknown ampli- With 


tudes a, b,c, andd. For example x? og? 
= 
b= Yu 1—e-™ | it follows that 
252 353 2 353 
2" 6 2° 8 | 
Of particular interest is the amplitude range which will be Since mn + nm. = n, this can be written 
denoted as 2 y,,. = b’ + y, +d’. Since b’ = be~*/? andd’ = 
) 
(2 + e— ms + ™ Yu} + 
E + (1) Neglecting higher orders, this reduces to 
ose Yat 2 2(1 — 
nb 
The logarithmic decrement 4 is a very small quantity, and even l 2+ 9 
the product né is usually less than unity. Under those circum- Yose = Yat 5 + 3 
stances an approximation of Equation [1] by means of series nb (: + >) 
expansion is indicated, especially since it allows a better insight 


into some of the factors involved. Neglecting further 6/2 compared with 1, the following simple 


formula is derived 


Your = Vat (: + 2) (2 

‘a \ | Fic. 2 Generat Dia- While Equation [2] is approximate, it shows the essentials clearly 
GRAM OF INTERMITTENT As would be expected, with zero damping, amplitude and stres 


—> Time 


force on Blade 


Steam Loap | become infinite. 

ELL eg ee SEE eee With a given steam force P, on a given blade, the length of th 

eee ‘oe arc of admission has a negligible effect on the blade stress. Its 
line eae — + represented by nz, which does not enter into the approximate 

a Equation [2]. 


In a typical case (n = 30 cycles per revolution and logarithm: 
decrement 6 = 0.01) Equation [2] would give 


2 
Your = Yat (: + 2) = 7.67 Yat 


The exact Equation [1] gives, for n, = 14'/; cycles, n. = 15': roug 
i eyeles 
L 1 2 + 0.865 + 0.856 
_—>7ime | = = very 
You = Ya! * — 0.7408) (1.005) 
Ohe Revolution tpm 


and for = 2!/2 cycles, nz = 271/: cycles 


rpm 
1 2+ 0.975 + 0.76 
Yose = Yer | + = 7.70 Yar This 


2 2(1 — 0.7408) 1.005 spe 
It is seen that oscillating stresses equal to many times So 
static steam stresses can be set up. It is this magnification‘ a 
stress which endangers the life of impulse blades. ; of ” 
For the type of loading assumed, these stresses are practic!) E 
inversely proportional to the damping. This emphasizes “) 7 ap 
great importance of damping as a quality with which blade «*} ~ Pat 
structions must be endowed. 
On low-pressure blades, the remedy against large vibrate’) 


—~Time Steam stresses consists of tuning the blade carefully so that it does) 
operate at resonance. This, of course, is possible only in 
see: 2 chines with constant speed. On impulse blades it is not pos!) 4 


Fic. 4. Motion or Brave Svssecrep To INTERMITTENT Loapinc tune the blades so they operate out of resonance, Le, 
Forces SHown In Fic. 3 resonant frequencies are too close together. If there is resons*")” 
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nant speed will be 3640 rpm with 39 cycles per revolution. 
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with 40 cycles per revolution at 3549 rpm, the next higher reso- 
Thus, 
in this typical case the resonant speeds are 2'/; per cent apart. 
To make certain that the blades would operate between 
critical speeds, they would have to be tuned to within 1 per cent 
or less. This is practically impossible because of temperature 
variations (which influence the modulus of elasticity of the 
material and, hence, the frequency) and because of variations in 
the fit between rotor and blade. 


Errect OF TURBINE SPEED ON BLADE STRESS 


It is of particular interest to review the influence which the 
increase of turbine speed has had on impulse-blade stress. For 


(B00 RPM 


3600 
Blase 


Blade 


Fig. 5 Comparison Between BLapEs For 1800 Rem anp 3600 
Rpm aT SAME TURBINE OvuTPUT 


_ simplicity, let us compare two blades of the same cross section 
on turbines of the same kilowatt output, one machine operating 
at 1800 rpm, the other at 3600 rpm. Let us assume that the 
blade velocities, steam conditions, and are of admission are 


identical on both turbines. The blades on the 3600-rpm machine 


will then be located on a mean diameter one half that of the 
1800-turn machine. 

To pass the same quantity of steam the blade port, or that 
part of the blade by which the steam is guided, must be twice 
as high for 3600 rpm as for 1800 rpm. Generally, the weakest 
section of the blades will be found where they are supported in 
the rotor. This section is a certain distance below the bottom 
» of the blade port. In a typical case, shown in Fig. 5, the steady 
> stresses in the weakest section would be in the ratio 8:3. 

_ The blade frequencies vary approximately inversely with the 
square of the length. Therefore, the blade for 3600 rpm has 
roughly */s the frequency of the 1800-rpm blade, and n, the num- 
ber of vibration cycles per revolution, is for the 3600-rpm turbine 
) only */, of what it is for the 1800-rpm. This means that for 
very small damping values the oscillatory stresses in the 3600- 


tpm turbine are F x 3 = 12 times as high as those of the 1800- 


tpm machine. With higher damping values this ratio decreases. 

This example illustrates the tremendous effect that increase in 

) speed from 1800 to 3600 rpm has on impulse-blade stresses. 

So far we have limited the discussion to one steam jet over the 
periphery. Often, for constructional reasons, it appears to be 

advantageous to have one series of nozzle passages in the base 


ifm Of the cylinder and another group in the cylinder cover. From 


Equation [2] it is clear, however, that if these passages would 
; be located so each time the application and removal of the 
# Steam load would take place at the most unfavorable moment, 
@ the blade stress would be almost double that for the single series 
9° nozzle passages. This means that this type of construction 
should be used only on blades with inherently low stress, or in 
' such cases where the spacing of the nozzles is such that the 
4 jadditive effect of the “shocks” is precluded with certainty. 


From low-pressure blades, operating in a slightly nonuniform 
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steam flow (full admission), we are accustomed to having me- 
chanical resonance when the blade frequency is a multiple of 
the running speed, e.g., when there is a whole number of free 
vibrations per revolution. 

With the diagram assumed in Fig. 3 this is yet the case but, 
by taking diagrams of other shapes, it may easily be proved 
that the largest motions are often obtained when the number 
of vibrations per revolution is not an integer. 


— farce on Blade 


— 


Fic.6 D1aGram or Loap APPLIED GRADUALLY 


By applying the load more gradually, the oscillatory stresses 
can be reduced materially. A loading diagram such as shown 
in Fig. 6 is especially of interest. 

If the load Po is applied gradually between t = 0 and t = +, 
the differential equation of the motion in this period is 


Here m and k are the equivalent mass and spring constant of 
the vibratory system. Damping forces during the loading 
period are neglected. 


k 
The solution of Equation [3] is, with w» = \" 
m 


P 
y = Acosat + Bsinwt + = A cosut + Bsin wt 
tT 


At t = r the amplitude is 
yr = Acosur + Bsin wr + [4] 
and the velocity 


v, = —Aw sin wr + Bw cos wr + Yes 


If the maximum amplitude reached after t = + is a’, we have 
the energy relation 


1 1 
5 Ha’? — unt) = Pola’ — ur) + 5 


Introducing Equations [4] and [5], this yields 


Yor . 2By 
—— sinwr + 


(wr)? 


(a! — yy)? = A? + + 


cos wr. . [6] 


If the amplitude before ¢ = 0 was a, and if ¢ represents a phase 
angle between the time of maximum amplitude and the moment 
t = O when the load begins to be applied, we get from Equation 
[3a] the following initial boundary conditions at ¢ = 0 (same 
displacement, same velocity as the free vibration existing for 
t< 0) 


A =—acos¢ 
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B 
WT 


Inserting these values in Equation [6], we obtain with \ = wr 


2 
cos (— sing 


(a — yu)? = a? + 


+ cos ¢ sin \ + sin ¢ cos d) 


( cos — sin 
So far, we have not specified at what phase of the existing 

vibration of amplitude a the load shall be applied. We will 

now choose the phase angle ¢ to give us the worst timing of the 

load, resulting in the largest increase in amplitude (a’ — a). 

2¢ +X 


or 


2 
(a' — = + “tat (1 — 0s A) + 


The maximum positive value of cos 


sin . is + sin > for 
2 2 


cos = +1], depending upon whether sin 3 is positive or 


negative. 
Thus we get for the largest’ increase in amplitude 


(a’— y,,)* = a? + sin® 5 * “asin 5 


Equation [7] gives a relation between the maximum increase 
in amplitude and the time in which the load is gradually increased 
from 0 to its final value. Since the natural period T of the free 


2 
undamped vibration is 27/w, \ can be written as = and Equa- 
tion [7] becomes 


(a’ — a) — Yu T . 
= — BIN 
Yat 


The factor n, which is a measure of the severity of the load 
changes, is thus seen to depend upon the length of loading period 
compared with the natural period of the blades. 


Severity of “Shock"on Blade 

Influenced by ig 
\ 

| | eae 

é 

Loading 


Fie. 7 Curve SHowina How Severity or SHock on 
Loap1InG TIME OF BLADES 


A plot of » against 7'/r is given in Fig. 7. 

It is at once clear that, where the loading is completed in one, 
two, or more natural periods (sin rr/T’ = 0) the factor 7 will 
become zero. This means that, in this case, no matter what the 
phase relation is between the instant the load begins to be ap- 
plied and the existing vibration, the only effect of the load will 
be that the oscillatory motion is shifted an amount equal to the 
static deflection. 
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If the load is both applied and removed in this fashion, the 
stress varies simply between zero and the steady steam stress, 
just as if the steam load were applied at an infinitely slow rate, 
This corresponds to the ideal minimum duty of the blade required 
to carry a certain steam force with partial admission. 

The foregoing analysis indicates one way of reducing blade 
stresses under partial admission by means of a more gradual 
application of the steam load. 

While blade frequencies can be precalculated with a reasonable 
degree of accuracy, the two other factors involved, namely, the 
exact nature of the steam shock and the damping of the blades, 
can be reliably determined by experiment only. 


DETERMINING THE DAMPING OF BLADE STEELS 


To determine the damping of blade steels at the temperature 
and the frequency pertaining to actual operation, we resorted 


Fie. 8 Tunrne-ForK Setup ror MEASURING DampiInG Capacity 


to testing specimens in the shape of large tuning forks. This 
form of specimen had two obvious advantages. The vibratory 
forces in the fork are so neariy balanced that the exact way in 
which the fork is held is immaterial so far as the vibration of 
the prongs is concerned. The stress distribution in the prong is 
similar to that of the blade, so that any doubtful transfer from 
one state of stress to another is avoided. 

Fig. 8 shows one of the test tuning forks mounted on a heavy 
block. The vibration Of the tuning fork is recorded optically by 
means of a mirror clamped to the tip of one of the prongs, % 
that no energy is dissipated in the recording system. Suspicions 
about air friction around the forks were removed by making some 
of the tests in vacuum. 

Even in recent literature the damping values of steels ar 
innocently given as constant. We now know that the decrement 
depends vitally on stress and also on frequency and, as would be 
expected, on temperature. 

For example, Dr. 8S. Siegel, physicist at the Westinghou 
Research Laboratories, testing small bars in longitudinal vibr- 
tion at 35,000 cycles per sec with stresses of +30 psi, finds damp 
ing values only #/s of those found on large tuning forks (bending) 
at 750 cycles per sec and at a maximum stress of 20,000 psi. 

Some typical damping curves obtained on various blade m* 
terials at room temperature are shown in Fig. 9 in the working 
stress range. It is seen that there is considerable differen > 
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between these materials. The 12 per cent Cr steel has, in the 
working-stress range, about 10 times as much damping as the 
Cr-Ni steels. 

Some other characteristics, damping as function of temperature 
and frequency, are shown in Figs. 10 and 11. A great deal more 
fundamental work seems to be necessary before a clear under- 
standing of what constitutes damping can be reached. 

Besides internal damping in the materials, there is a certain 
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amount of damping caused by microscopic rubbing and im- 
pacting along the fits between rotor and blades and in the shroud 
connections. However, unless there has been established a very 
definite lower limit of this external damping, it appears to be 
good practice to take for design purposes only the available 
internal damping of the blade materials. Our experience with 
T-roots indicates that the damping contributed by small motions 
between rotor and blade is negligible in this case. 


NaTuRE oF STEAM Forces AcTING ON BLADE 


To determine the nature of the steam forces acting on the blades 
While in operation, an optical system is used. This system and 
the experimental turbines on which it was applied have been 
described? recently and will only be mentioned here. 


chan vuPerposed Turbine Blade Research,” by F. T. Hague, Me- 
nical Engineering, vol. 61, April, 1940, pp. 275-277. 
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Light from an external source, Fig. 12, is deflected by a station- 
ary slanted mirror into the hollow shaft. After passing a quartz 
window, which is needed to prevent the steam from leaking out, 
the light beam strikes a whirling mirror which projects it through 
a hole in the rotor and the blade toward a small mirror plug held 
at the tip of the blade. This small mirror reflects the light back 
by way of the inclined rotating mirror out through the shaft to 
the screen or film. The light beam is focused on the screen 
eccentrically so that, when the spindle rotates without blade 
vibration, the light spot describes a circle. When the blades 
vibrate, the light beam is deflected away from this circular path 
and waves appear. The stresses in the blades are deduced 
directly from the magnitude of the waves. 

Turbine-blade vibrations occur both in the circumferential 
direction (in the plane of rotation) and in the lateral direction. 
Since we wish to record both motions separately, we need some 
sort of filtering device. For this purpose we have in the optical 


ARC LIGHT 


ROTATING 
CYLINDRICAL 


Fie. 12. Optica System 


system a cylindrical lens of short focal length. The light beams 
striking this lens are so nearly parallel that the lens focuses them 
all practically on one focal line in the plane of the screen. While 
motion of the light beam along the longitudinal axis of the lens 
is transmitted undistorted along the focal line, motion in the 
perpendicular direction is cut out almost entirely. As shown in 
Fig. 12, the setup will record lateral blade motions; to record 
circumferential motion the cylindrical-lens assembly should be 
rotated 90 deg. 

To date more than 30,000 individual records of blade vibration 
have been obtained for a wide range of operating conditions. 
After this test work is completed, it will be the subject of another 
paper. 

Once the fundamentals are clearly understood, the nature of 
the various means of reducing blade stress under partial admis- 
sion is clearly indicated: 

1 The designer should, in general, strive to obtain short blades 
and light steam loads on the blades as long as this does not result 
in poor turbine efficiency. Shorter blades also mean higher 
natural frequencies so that the vibratory motion can die out more 
rapidly between successive loading periods. 

2 Arranging the nozzles in a continuous sequence so that 
there is never more than one loading and unloading of the blades 
during one revolution is advantageous. 

3 By applying effectively the steam load gradually at « 
certain rate, the stresses can be reduced materially. 

4 More damping, internal or external, decreases blade stress. 
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It can be shown easily that the Cross method of struc- 
tural analysis‘*may be applied to a given structure in such 
a manner that the process does not converge. In this 
paper the author gives necessary and sufficient conditions 
for the convergence of the Cross method, and exhibits a 
convergent process of balancing any given structure. In 
particular he shows that a balancing process can be de- 
scribed by real linear transformation, that is, by a matrix 
of real numbers, and that the process converges in the 
sense of this paper if and only if the infinite power of this 
matrix exists and is zero. The study is restricted to the 
case of a continuous beam. 


1— INTRODUCTION 


ARDY CROSS has introduced a process? of structural 
analysis by balancing moments against each other in suc- 
cessive steps, this process being part of an infinite pro- 

cedure. It has been used by many engineers, as for example by 
Grinter.? Southwell‘ has given an equivalent method, the con- 
vergence of which was considered in a paper by Temple. Using 
energy considerations, Temple gave two convergent methods of 
applying the Southwell process to a given structure. 

One can easily show that the Cross method may be applied to 
a given structure in such a manner that the process does not 
converge. In the present paper the author gives necessary 
and sufficient conditions for the convergence of the Cross method, 
and exhibits a convergent process of balancing any given struc- 
ture. In particular, he shows that a balancing process P can be 
described by real linear transformation, that is, by a matrix com- 
posed of real numbers, and that the process P converges in the 
sense of this paper if and only if the infinite power of this matrix 
exists and is zero. The existence and vanishing of the infinite 
power of a real matrix has been treated elsewhere.’ For a dis- 

1 Associate Professor of Mathematics, Armour Institute of Tech- 
nology. 

2‘*Analysis of Continuous Frames by Distributing Fixed-End 
Moments,’”’ by Hardy Cross, Transactions of the American Society 
of Civil Engineers, vol. 96, 1932, pp. 1-15. 

3 ‘*Wind Stress Analysis Simplified,”’ by L. E. Grinter, Transac- 
tions of the American Society of Civil Engineers, vol. 99, 1934, pp. 
610-634. The author is indebted to Mr. Grinter for calling his atten- 
tion to the existence of the problem of convergence of the Hardy 
Cross process. 

4“Stress Calculation in Frameworks by the Method of ‘Syste- 
matic Relaxation of Constraints,’ ’’ by R. V. Southwell, Proceedings 
of the Royal Society of London, series A, vol. 151, 1935, pp. 56-95. 

5 ‘*The General Theory of Relaxation Methods Applied to Linear 
Systems,’’ by G. Temple, Proceedings of the Royal Society of Lon- 
don, series A, vol. 169, 1938-1939, pp. 476-500. 

¢ For example, one could ‘‘balance”’ one support a finite number of 
times only, and the remaining supports an unlimited number of times. 

7 ‘Infinite Powers of Matrices and Characteristic Roots,’”’ by R. 
Oldenburger, Duke Mathematical Journal, vol. 8, June, 1940. 

Presented at the National Meeting of the Applied Mechanics 
Division, Ann Arbor, Mich., June 20-21, 1940, of THe AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1941, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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cussion of matrices and their applications, the reader is referred 
to a book by Frazer, Duncan, and Collar. 

The study in this paper is restricted to a continuous beam. 
The argument for a network of beams is similar to that given 
here. 


2—DESCRIPTION OF THE HARDY Cross PROCESS FOR A 
ConTINUOUS BEAM 


We suppose that we have a beam B supported at both ends, 
these ends being free or fixed. Let S be an intermediate support. 
We associate with the left and right sides of S real numbers, so 
that with S is associated a pair of real numbers (a, b). Although 
the meaning of these numbers is immaterial to the following 
mathematical deductions it may be mentioned here that they are 
certain bending moments which would exist if the system were 
changed to a system of independent beams each fixed at all of 
the given supports. In the present paper we shall follow a con- 
vention used by Grinter* about positive and negative signs attrib- 
uted to moments so that the final equilibrium is reached if the 
sum of the moments at each support is zero. 

When the support S is balanced by the Hardy Cross method, 
the pair of numbers (a, b) is replaced in a certain way by a pair 
of real numbers (a, — a) whose sum vanishes. With an end 
support E of B we associated one real number a, and when E£ is 
balanced we replaceaby 0. A fixed end £ is not balanced. The 
purpose of the Hardy Cross balancing process is through balanc- 
ing to replace the numbers at the supports of B by a set of numbers 
where the sum of the numbers at each support is arbitrarily small. 

For further descriptive details the reader is recommended to 
read the papers?:*5.” referred to previously. A precise mathe 
matical formulation of the Hardy Cross process will follow im- 
mediately. 


3—TueE BaLANcING Process IN TERMS OF MatTRICES 


At any stage in the balancing process, the numbers at the 7-th 
support add up to a number which we shall denote by 7;,. If we 
now balance this support the theory of beams on unyielding sup- 
ports prescribes that only the numbers at the (i — 1)-st, 7-th, and 
(i + 1)-st supports are affected. Explicitly, we have the pattern 


and after balancing we have the pattern 


| Ti-1 — si-1 (1 — 4)T; | 0 | | 


obtained by performing the steps 
Ti-1 T; Ti+1 


| —(1 — &)T; | 
| 

| | 

— sj-,(1 — t,)T; 


’‘*Blementary Matrices,” by R. A. Frazer, W. J. Duncan, and 
A. R. Collar, University Press, Cambridge, England, 1938. The 
authors give an extensive treatment of matrix powers and discuss 12 
special cases how high powers of a real matrix a are related to the 
latent (characteristic) roots of a, and how the existence of the infinite 
power of a depends on the latent roots. 
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The r’s, s’s, and ¢’s are given constants which depend on the elas- 
tic properties of the beams right and left of the support considered. 

Let there be n supports so that 7 ranges over 1, 2, ..., n. If 
the first support is a free end, 4, = 1; similarly, if the n-th end is 
a free end, ¢, = 0. If one or both of the end supports is a fixed 
end, we balance only the remaining supports. 

The sets of constants 7), ..., 7’, can be arranged in a column, 
called a ‘‘column vector,” namely 


The corresponding vector after balancing the i-th support is, in 
the sense of matrix multiplication,’ the product a,v, where 


100 . 0!! 
010 F 0) 
| 
0... 01 0 0 0 0 
a; = . 0 1 [—s-1(1—4)] 0 0) ..[2] 
0 0 0 0 0 0. 
0 0 —r;t, 10 ... 
0 0 0 0 1 0..0) 
I} 
0 . . 01) 
which can be written as 
|| 0 | 
a; = || 0 [3] 
}0 O 7; || 


where J,, J; are “minors” with 1’s on the diagonal and zeros else- 
where, and B; is the minor 
1 —sj-1(1 0|| 


| 
(0 0 
| 0 1 || 


If we now balance the j-th column the numbers at the supports 
form a column vector given by ajajv. Thus after a sequence of 
balancing the numbers at the supports are given by a product 


which can be written more simply as av, where a is the matrix 
. . a5. 

Since we do not balance fixed ends, we may restrict v to be a 
vector composed of the numbers at the remaining supports. 

We term the element in the i-th row and j-th column of a ma- 
trix the (7, j)-th element of this matrix. 

Let ci, c2, ... be an infinite sequence of n by m matrices. We 
Say that this sequence has a limit c if for each pair of values i, 7 
the (7, j)-th elements of c,, c, ... have the (i, j)-th element of c 
as a limit in the usual sense. We write this as 


The balancing process, if performed indefinitely, converges in 

* For the magrix theory used here the reader is referred to ‘‘Theory 
of Matrices,” by C. C. MacDuffee, Ergebnisse der Mathematik, 
Julius Springer & Sons, Berlin. 


‘An n by m matrix is by definition a matrix with n rows and m 
columns, 
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the sense of this paper if and only if the successive products », 
Agasv, ... of the type [4] approach the vector 


as @ limit. 
Example. We consider a case of four supports with the right 
end fixed. We take the constants as indicated in the pattern 


=5 T; =2 T;=3 T,=1 
= "/3 rs = 1/56 
& = & = '/s = 1/, | 
We take 
T; | 5 | 
v=|| T: = dawn [7] 
T; | 3 | 


The matrices a;, a:, a; which correspond to balancing the first, 
second, and third supports are respectively 


° 0 0 0 0 | 

1 = 1 0 [8] 
0 0 1 0 0 

0 0 = 0 Ol........ [9]. 

lo 1 1 

1 0 0 1 00 

0 1 —s,(1 ts) = | [10] 

0 0 0 000 | 


We are disregarding the fourth support since it is a fixed end. 
If we balance the second, third, and first supports in this order 
we obtain v; = a,a;a where specifically 


jo 0 0 11 —/% Ol] 5 
0 0) - || 2 
‘lo 01} |0 0 0 10 1) |) 3 
... [11] 
which upon multiplying the matrices successively yields 
| | | 14 
0 | |jl 0 0 3 
= 1 Oe 0 1 0 = 
0 0 jo 25 
| | 9 | 
lo o| | 14 | 
| 2 
| 1 0) —*/is | 
0 0 1 0 | 0 
Now if we write a = a,a;a2, then »; = av and 
| 0 0 oO 
| 180 10) 
lo 0 


Thus the numbers at the supports are now 


1 {I | 
T, | | ° 
ir 
we 
nd 
rn 
} 
= 
= 
3 
Lim 
4 
if 
; 
: 


» elements are the numbers 7), 72, .. 
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Direct balancing yields the same result as is clear from the 
scheme which follows 


T, =5 T, =2 T; =3 T=1 
a. _ 2 _ 2 
—/, 3 3 9 
25} 25 
_i4 18,18 
3 
— 25 
3 
0 
0 
18 


4— REPEATED BALANCING 


It is obvious that restrictions must be put on the balancing 
process to insure its convergence in the sense of this paper. Since 
a balancing performed by an individual can involve only a finite 
set F of steps, it is no restriction to assume that if the balancing 
were continued indefinitely, we would do this by repeating the 
set F of steps over and over. Let v be the original vector, whose 
, T,, at the supports to be 
balanced. The vector v, obtained by the steps F from », is y, = 
av, where a is a product of matrices of the type a; defined in Sec- 
tion 3. If we perform the steps F again we obtain from »; a vec- 
tor v; related to », by the formula 


whence 
Ve = a(av) = 


Thus after performing the set F of steps m times we arrive at a 
vector v,, related to v by the formula 


m—> 
For arbitrary v, Lim v,, = 0 as m— © if and only if Lim a” = 0 


We shall use the notation a® for 

Lim a” 

m—> 
It has been proved’ that a® = 0 if and only if the characteristic 
roots of a are in absolute value less than 1. We term a the matrix 
of the balancing process. We have therefore arrived at the fol- 


asm-—> 
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Theorem: Balancings with matrix a converge if and only 
if the charagteristic roots of a are less than 1 in absolute 
value. 

Example. We consider the matrix a in the example of Section 
3. Subtracting a variable \ from the diagonal elements of a we 
obtain the matrix a-— XJ given by 


—r 0 0 

2 180 10 
0 o 


Here J denotes the identity matrix with 3 rows and 3 columns; 
7 is a matrix with 1’s on the diagonal and zeros elsewhere. The 
characteristic determinant of a is the determinant |a — \J/| 
given by 


—r 0 0 

2 180 10 
0 0 


The characteristic equation of a is the equation ja — AJ| = 0, 


1 
whase roots are 0, ~~ and 0. Since these roots are in absolute 


value less than 1, the balancing process with matrix a converges 
if repeated indefinitely. 


5—A CoNVERGING PROCESS 


In Section 4 we have given an answer to the question: When 
does the balancing process converge? In the present section we 
shall give a converging balancing process that may be applied to 
any given set of supports. 

Let there be n given supports. It is no restriction to suppose 
that 0 4 S landO s7, < 1,0 S$ 8 <1. We can obviously 
balance the Ist, 3rd, 5th, ... supports so that the vector of the 
numbers at these supports is 


The last element 7’, is zero if n is odd. We now balance the even- 
numbered supports, and then the odd-numbered supports. Io 
place of the vector v we now have a vector v’ = av, where (See 


lowing result: (See next column.) Equation 19 below.) —, 
0 0 0 0 0 0. 0 
riti8;(1 — ty) 
1—4)(1 0 0 
0 0 0 0 oO. 0 
0 0 0 0 0. 0 
rsts8s(1 — te) 
0 0 0 [ 0 0 
0 0 0 0 0 0}, 
. . . . | 


eit 


ple 


= 
> 


co 


al tis a By Section 3 the balancing process converges if and only if 0 : 
| 
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If a is of order n, n even, the last bracket quantity in a is simply [r”—jtn—18n—1(1 — ¢,)]. As noted in Section 4, if the first end is 
free, 4) = 1, if the last is free, , = 0. Except for a power of \, the characteristic determinant |a — \/ | (J here is again the iden- 
tity matrix with 1’s on the diagonal and zeros elsewhere) of a is the characteristic determinant of the matrix a’, where 


raralets | a | 8486(1 — ts) (1 — 

0 0 reratels wo | 


The characteristic roots of a are 0 and the roots of ja’ —AJ| = 0. We note that a’ has the shape 


| * 0 0 0)| 
* * 0 0 
0 
* 
0 4 


where the asterisks stand for numbers that may be different from zero. 

We observe that the elements of a’ are positive or zero. It has been proved’ that an increase in some of these numbers will 
either leave the maximum absolute value of the characteristic roots of a’ unchanged, or it will increase this value. Since for 
each i we have r; < 1 and s < 1, there is a positive number r less than 1 such that the r; and gs; are less than r for each i. 


Re- 
place each r; and each s; in a’ by r to obtain a matrix 
| te) + (1 — ts) — &)(1 ts) 0 0.0 
rtots r?|t;(1 ts) + — ts) | — ts)(1 — te) 0.0 
0 rtglts te) t) } 


We let p denote the order of a” 


We let B denote the matrix obtained from a” by replacing r? by 1 wherever r? occurs in a’. 
We can write 


fl b; | a: 0 0 0 0 | 
b; {1 by | a3 0 0 0 
0 bs {l — a3 — bs] ay 0 0 
B= 0 0 bs 0 [23] 
ap—-1 0 
[ - ap—1 1 ] a, 
0 0 0 [1—a, — b,] 
where a; = (1 — ty-.)(1 — tx) for i = 1, 2, ..., p, and b, = tytx+: fori = 1,2, ..., p. Dividing each of the rows of ja” — 
MI | by r? we find that the characteristic roots of a” are the roots of |B — (d/r*)J| = 0. Wewritew = X/r*. Ifu =1,thend = 


Thus the maximum absolute value of the characteristic roots \ of a” is less than 1 if the maximum absolute value of the 
characteristic roots » of B is less than or equal to 1. 

Frobenius" proved almost completely that a matrix a all of whose elements are positive or zero has a real positive characteris- 
tic root not less in absolute value than any other characteristic root of a. Since the ¢’s are between 0 and 1, it is easy to see that 
the elements of B are between 0 and 1. To prove that the roots of |B — ul| = 0 are in absolute value not greater than 1, it is 
hecessary to prove only that the maximum positive root u of |B — u«/| = Ois not greater than 1. We thus wish to show that 


19) 


\B— pI | = Ohas no root » = 1 + ¢ where e > 0. Substituting 1 + ¢ for win |B — ul], and changing the sign of each row we 


obtain 
a +h +e —a, OC | 
a2 +h 
4 
O —bp-1 a, + b, +e 


"Uber Matrizen aus positiven Elementen,” by S. B. Frobenius, Kgl. Preuss. Akad. d. Wiss., 1908, pp. 471-476. 
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Expanding D(e) we get 
De) = & + ane? + ae? +a + [25] 


By determinant theory the coefficient a; of ¢; in Equation [25] is 
the sum of the principal determinant minors of D(0) of order #. 
It is recalled that a principal determinant minor of D(0) is a 
minor obtained by striking out the same rows as columns from 
D(0). 
We let m; denote the leading principal determinant minor of 
D(0) of order i. It is 


(a, + by) —a, 
—b; (az + 


—bj-1 (a; + 


We write m,[ai, az, ..., bi, bs, ..., since m is a function 
of these constants. If we write mo = 1 we can prove that 


m; = aymj—1[d2, ..., be, ..., + dibs... [27] 
Here mj—1(az, ..., a;; bs, ..., is obtained from mj—1[a;, a2, 
@—1; bi, ..., by replacing a, ..., aj—1 by a2, ..., a 
respectively, and making a similar substitution on the 6’s. Since 


a, = 0, = O, ..., & = O, it follows that if m;-1 2 0, then 
m; = 0. Since mp > 0, it follows by mathematical induction 
that m; 2 0 foreach i. It can be easily proved that each prin- 
cipal minor is either of the same shape as m, or a product of such 
minors. Thus each principal determinant minor of D(0) is 2 0, 
whence the coefficients a, ..., a, in Equation [25] are 2 0. 
Directly, or by Descartes rule of signs, one can see that there is 
no positive root of the equation D(e) = 0. Thus there is no root 
nof |B — ul| = 0 greater than 1. It follows by retracing the 
foregoing argument that the characteristic roots of a are in abso- 
lute value less than 1 sothata® = 0. Thus we have proved the 
following result: 
Theorem: The process of balancing alternately odd and 
even supports converges. 

Ezample. We take a case of four supports with free ends. 
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We also take all the r’s, s’s and ¢t’s except 4 and & to be '/;. 
Evidently, : = 1,4 = 0. Let the given 7’s be 1, —1, —2, and 
2 respectively. The balancing of the odd-numbered supports 
yields 


Thus 
| 
= || —1 | 
| 0 || {28 
*/ || 
If we balance the even-numbered supports, we obtain 
If now we balance the odd-numbered supports, we get 
The vector 
0 
1 
|! 
is related to v by the equation v’ = av with matrix 
00 00 | 
O 
0 0 0 | 
0 O */s)| 
Now 
—r 0 0 oO | 
_ 0 “fat 8 
0 Ve 0 1/4 — (31 


The characteristic roots of a are 0, 0, */1¢, 1/4 which are all in abso 


lute value less than 1. Hence a® = 0,and Lim = 0. 
a? @ 


3 
| 
tl 
fa 
| 


31, 


Discussion 


Boundary Friction in Bearings 
at Low Loads’ 


J. L. Frercuer.? It appears that the authors have confirmed 
what might be expected, that is, for boundary lubrication the 
rougher the surface the higher the coefficient of friction. And 
further, that for a given grinding process the softer the metal the 
rougher the surface. 

A study of this paper has led to the following questions: 


1 As finishing processes approach producing journal surfaces 
of zero roughness, or a roughness comparable with an oil-molecule 
thickness, would not the friction coefficient become practically 
equal for all types of metals? 

2 If it were possible to get equal surfaces (rather than equal 
surfacing processes) would not the friction coefficient be equal for 
all metals, assuming no metal scoring? 

3 This then leads to the question: Should not softer metals be 
finished by different processes from those for harder metals when 
boundary friction is to be encountered to an appreciable extent? 

4 As the stainless steel showed considerable wear, it would 
be interesting to know whether or not the coefficient of friction for 
stainless was approaching that of nickel steel as the surface of the 
stainless approached the condition of the surface of the nickel 
steel. Because of this wear, can data taken at start of test be 
reliably compared with data taken at end of test? 


The writer would welcome the authors’ opinion on these ques- 
tions. It is the writer’s belief that as the metal surfaces ap- 
proach being equal the coefficients of friction for boundary lubri- 
cation would become nearly equal. Further it is probable that 
it would pay to use a process for finishing the softer metals that 
would give a surface equal to that of a ground hard surface when 
there is much difference in material and hardening costs of the 
metals being considered. 


J. R. Connetiy.* The method of oil feed employed by the 
authors seems susceptible to uncontrolled variations in the test 
conditions. Some years ago the writer experimented with vari- 
ous rates of oil feed in connection with such work on “thin-film 
lubrication.” From the results obtained it was concluded that 
if one desired results that would be reproducible by different 
experimenters some method of applying lubricant should be used 
that supplied the lubricant in unlimited quantities and that the 
viscosity should be varied by other means than starving the 
bearing. 

To say that there was provided “enough oil for boundary lubri- 
cation but not enough to form a fluid film or to provide cooling” 
seems to the writer to be unsupported by the evidence. Any 
fluid or plastic (such as grease) third material inserted between 
journal and bearing is bound to take some energy from localized 
hot spots and distribute the energy through the third material. 
Is not this cooling? The amount of cooling then is affected by 


1 By L. M. Tichvinsky and E. G. Fischer. Published in the Sep- 
tember, 1939, issue of the JourNAL or ApPpLiIED Mecuanics, Trans. 
A.S.M.E., vol. 61, 1939, p. A-109. 

* Refrigeration Engineering Department, Sunbeam Electric Manu- 
facturing Co., Evansville, Ind. 

* Associate Professor of Industrial Engineering, Lehigh University, 
Bethlehem, Pa. 


the amount of third material and the cooling will never be absent 
unless the third material is absent. 

Whether a fluid film is formed depends on what is meant by a 
fluid film. The transition from “thick-film” to “thin-film” is 
not likely to be as definitely noticeable as the transition from 
thin-film to conditions of contact between the journal and 
bearing. The question remains then as to where in the transition 
zone between thick-film and thin-film, or even in the contact 
range, these tests were run. 


Paut G. Exuine.* It is well known that the roughness of 
bearing surfaces influences the behavior of a journal bearing to a 
considerable degree, particularly when operating in the boundary 
region. The recent development of instruments capable of meas- 
uring surface conditions enables investigators to add materially 
to the value of their papers, as the authors have done, by reporting 
the roughness data together with the performance data. As it 
seems evident that this commendable practice will increase in the 
future, the writer feels that an early discussion of the relative 
importance of different measurements is necessary. The authors 
report the maximum depths of the grinding scratches as measured 
on & line parallel to the axis of the journal. The writer in his own 
work uses an instrument which indicates the root-mean-square 
value of the heights of the irregularities but, due to the difficulty 
of circumferential measurements, the value is also taken on a line 
parallel to the axis. It is quite certain that under some condi- 
tions measurements made in the two directions would show widely 
varying results. A well-run-in journal quite often carries fairly 
deep grooves running completely around it which apparently do 
not interfere with its operation. 
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The conditions under which a bearing operates in the boundary 
lubrication region are generally understood to be those which are 
in close proximity to the minimum point of the curve of coefficient 
of friction plotted against ZN/P. The method, used by the 
authors, in which the boundary region is reached by regulating 
the rate of oil flow to the bearing appears to offer a new technique 
for investigation but one which makes it exceedingly difficult to 
determine when the desired conditions are reached. Calculation 


‘Gulf Research & Development Company, Pittsburgh, Pa. 
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based on the data presented in Figs. 10 and 16 of the paper indi- 
cate that the bearings were operating at very high values of 
ZN/P; and Fig. 1 of this discussion, plotted from such calculated 
data, gives no evidence that conditions were other than those of 
thick-film lubrication. Consequently, it would be desirable to 
know what criterion was used by the authors to indicate the cor- 
rect rate of oil feed to the bearing to bring about the conditions of 
boundary lubrication. 


F. P. Bowpen.’ The writer is in full agreement with the 
authors that the friction and wear between boundary lubricated 
metals was very dependent upon the nature of the metals. Ex- 
periments carried out in Cambridge® have shown that the sliding 
between metal surfaces might not be a continuous process. There 
is evidence that an intermittent clutching and breaking away of 
the surfaces occurs and that the friction, surface temperature, 
and area of contact all show violent fluctuations during sliding. 

Even if the surfaces are ground flat and carefully polished, 
hills and valleys are still present on the surface, and where the 
metals are placed in contact they are supported on the summits 

of these irregularities so that the real area of contact is very 
small. This means that even with lightly loaded surfaces the 
local pressure is very great.?/ Experiment suggests that the pres- 
sure is great enough to cause the plastic flow of steel. If the 
sliding speed is high enough the heat liberated at the localized 
points of contact is sufficient to raise them to a very high tempera- 
ture. 

The results suggest that the friction is due to the formation 
and subsequent breaking of metallic junctions between the sur- 
faces at these points of contact; although the junctions are small 
their dimensions are large compared with the dimensions of a 
molecule, so that when motion occurs and the junctions are 
broken, the metals are torn and distorted to a considerable degree 
beneath the surface. 

Even with the best lubricant films the writer has always ob- 
served metallic contact and damage of the underlying metal. 
The picture reproduced by the authors of the adsorbed lubricant 
films sliding over one another might represent the ideal case, but 
the writer does not think it occurs in practice in kinetic friction. 
The intense local pressure causes a breakdown of the film so that 
local contact of the metals occurs. During sliding, this break- 
down is aided by the local high temperature. The writer con- 
siders that friction cannot be regarded as a surface phenomenon. 
The strength of the junctions and the magnitude of the friction is 
influenced by the bulk properties of the metals. The effects of 
sliding extend to a great depth beneath the metal surface. 

Experiments have suggested that the metallic junctions might 
be of three main types. The exact type which predominated is 
influenced by the relative physical properties, particularly by the 
relative melting point and relative hardness of the two metals. 
The worst type of junction which causes the highest friction and 
wear is that formed between similar metals and between metals of 
similar melting points. Because of this it is an advantage to 
choose metals of very different melting points, and the less im- 
portant surface, e.g., the bearing, should have the lower melting 
point. Melting and flow of the surface will then occur before 
the local temperature can reach a sufficiently high value to cause 
a softening and damage of the journal. It is interesting that the 
authors found the lowest friction with babbitt metal. 

5 Laboratory of Physical Chemistry, Cambridge University, Cam- 
bridge, England. 

6 “*The Nature of Sliding and the Analysis of Friction,’’ by F. P. 
Bowden and L. Leben, Proceedings of the Royal Society of London, 
series A, vol. 169, Feb., 1939, p. 371. 

7™°The Area of Contact Between Stationary and Between Moving 


Surfaces,’’ by F. P. Bowden and D. Tabor, Proceedings of the Royal 
Society of London, series A, vol. 169, Feb., 1939, p. 391. 
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The writer has also found, in agreement with the authors, that 
the exact value of the friction and wear is influenced to some ex- 
tent by the method of preparation and surface finish of the 
metals. This effect might, however, be of much less importance 
than the bulk composition of the metals themselves. Some of 
the values of kinetic friction given in the paper were below 0.05. 
The writer has not observed values of boundary lubrication quite 
as low as this. Did the authors consider it possible that some 
fluid lubrication was occurring in their experiment? 

There is also no doubt that the boundary kinetic friction and 
wear are dependent upon the shape and size of the lubricant 
molecule and on the method of attachment to the surface. In 
general, mineral oils are bad lubricants but recent experiments 
have shown that the presence on the surface of certain long-chain 
polar molecules is able to change the nature of the sliding so that 
intermittent stick-slip is prevented and the sliding proceeds con- 
tinuously. At the same time the wear of the surfaces is greatly 
reduced. Substances which cause this change are in general 
good lubricants. 


S. Kyropoutos.’ The paper under discussion is a typical 
investigation from an engineering point of view. It differs from 
some other papers of these last years with similar objects by a 
more rigorous consideration of the factors involved, of which only 
the attention paid to surface conditions may be mentioned. For 
this reason the investigation is undoubtedly bound to meet with 
the appreciation it deserves in engineering circles. The rather 
well-defined conditions of experiment and the clarity with which 
conclusions are drawn must as well appeal to those studying the 
phenomena of boundary lubrication from a physicochemical 
viewpoint. 

In view of the experience that the clear and well-supported 
conclusions of such investigations are apt to be expanded into 
general conclusions by later workers and in view of the introduc- 
tory physicochemical remarks of the investigators which invite 
physicochemical comment, a few pertinent remarks might not be 
out of place. 

In view of the introduction one would logically expect that the 
authors would attempt a correlation of data of static or kinetic 
friction of the oils used with the results obtained. Apart from the 
very important viscosity data of the oils no such properties are 
listed in the paper, an omission which, incidentally, the writer 
does not consider a serious deficiency. Nevertheless one has to 
draw conclusions from data on a by-effect (viscous lubrication 
in order to estimate the effect appearing in the title of the paper. 
With regard to the very illustrative photomicrographs of the 
journal surfaces it would have appeared desirable to have pic- 
tures of the surfaces before testing and not only before running 
in. Furthermore, it should be emphasized that in all the exper- 
ments described in the paper we are dealing with mixed fluid and 
nonfluid (i.e., “boundary’’) lubrication. This follows from the 
investigations of Beare and Bowden® quoted by the authors, # 
well as Kyropoulos and Shobert."° This also follows from Fig 
16 of the paper! to which we shall refer later. 

Bearing this in mind is helpful in the interpretation, e.£. 
of Figs. 11 and 12, representing starting and running frictio®, 
of which the latter must necessarily show a greater influence « 
viscosity effects. Furthermore, it would be of interest to kno¥ 
to which oil Figs. 11 to 14 refer or whether different oils showe? 


8 California Institute of Technology, Pasadena, Calif. 

® “‘Physical Properties of Surfaces. I—Kinetic Friction,” by W. G 
Beare and F. P. Bowden, Philosophical Transactions of the Roy 
Society of London, series A, vol. 234, 1935, p. 329. 

10 ‘A Simple Method for Measuring the Coefficient of Nonvisco” 
Friction of Thin Lubricating Layers,’’ by 8. Kyropoulos and E. 
Shobert, Review of Scientific Instruments, vol. 8, 1937, p. 151. 
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DISCUSSION 


any difference, which probably was not the case. This once 
more tends to show that (1) viscosity effects are rather strong in 
all these experiments and (2) that the behavior of the bearing 
materials is largely determined by properties of these materials 
which are not taken into account by the concepts at which the 
introduction hints. 

The writer would be inclined to interpret the running proper- 
ties as they appear in the experiments, as determined by inter- 
locking of asperities,* cold work, and Coulomb friction between 
the metal surfaces, contaminated in some not necessarily predict- 
able way. Chromium and stainless steel will certainly be con- 
taminated by a surface layer of oxygen or oxide (passivity). 

The well-known properties of pure silver may perhaps throw 
some light on the interpretation of Fig. 13 showing the outstand- 
ing low starting friction of silver. Silver is the only strictly 
homogeneous and ductile bearing metal tested. All others con- 
tain hard components. Moreover silver is certainly the least 
reactive at local high temperatures. In running friction tests 
under the conditions of experiment one would qualitatively ex- 
pect a larger contribution by fluid friction with the less homogene- 
ous and less ductile metals. Such a metal should actually bear 
at fewer points and thus permit more easily the formation of a 
bearing wedge of the lubricant. Asa result, the bearing friction 
would fall in comparison with silver. Attempting and further 
testing such interpretations is of vital importance for the practical 
application of the paper. Possibly the order of the curves of Fig. 
11, i.e., strictly reverse order of starting friction and hardness, 
may be largely determined by the same phenomenon. Un- 
fortunately the surfaces of the bearings have not apparently been 
examined microscopically. In view of the wear of the journals 
there must be surface changes. 

Regarding Fig. 16, the curves of running friction go with the oil 
viscosities, which shows once more that fluid lubrication predomi- 
nates under these conditions and that the method of lubrication 
used still amply feeds lubricant. The same order of the oils 
appears in starting friction up to 75 lb per sq in. from which it 
follows that up to this pressure fluid lubrication definitely pre- 
dominates—at least in this bearing combination. At higher 
pressures castor oil shows the behavior one would expect in non- 
fluid lubrication. 

Those who attribute particular significance to the wetting 
power of oils might be reminded of the good performance of chro- 
mium-plated and stainless-steel journals which are certainly only 
poorly wetted. 


R. ScHNURMANN."! The authors’ tests were made with loads 
of from 25 to 140 lb and at sliding speeds of 203.2 em per sec. 
A thermocouple was inserted in the middle of the bottom half 
of the bearing ‘“‘as close as possible to the bearing surface.” The 
highest temperature thus measured was 64 C, when a monel- 
metal journal was running at a load of 140 lb (i.e., 63,560 gram 
weight) in a tin-base babbitt bearing, and castor oil was used as 
lubricant. It would be interesting to have a more detailed de- 
scription of the location of the thermocouple and to knowas closely 
as possible its actual distance from the bearing surface. 

The melting point of the tin-base babbitt is about 232 C, and it 
does not seem likely that a temperature gradient of about 168 C 
can be maintained in the mass of the bearing metal over a very 
short distance from its surface. The assumption of “high local- 
ized temperatures” on a metal surface with asperities of a height 
of certainly less than 5 X 10-4 cm is not plausible whatever the 
geometrical shape, cylindrical or pyramidal, of the surface asperi- 
ties may be through which the heat of friction is conducted away. 
It appears that if any “wiping” of the bearing metal occurred it 


"London, Midland and Scottish Railway Company, Research 
Laboratory, Derby, England. 
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could only be effected by the normal rise of bearing temperature, 
which the authors have measured, but not by imaginary con- 
siderably higher “localized temperatures,” the occurrence of 
which the high values of the heat conductivity of metals exclude. 


AvuTHORS’ CLOSURE 


In connection with J. L. Fletcher’s questions, the authors are 
of the definite opinion that the value of the coefficient of friction 
for the same “zero-roughness” surface will not be the same for 
all types of metals. This is due to such physical properties of an 
oil as its affinity to various surfaces corresponding to different 
degrees of adsorption. Experimentally this was demonstrated !? 
by placing a drop of oil directly on the line of contact of equally 
well polished surfaces of different materials M; and M;, Fig. 2 of 
this closure. As may be seen from the sketch, the drop 7 assumes 
an unsymmetrical position between M, and M, due to higher 
affinity to M, than to M2. 

The questions raised by both J. R. Connelly and Paul G. Exline 
are very important. Did the bearings perform in the region of 
boundary friction? The testing machine used was built for 
boundary conditions of friction. We notice the low L/D value, 
which is equal to 0.736. The short bearing is not provided with 
any circumferential sealing grooves and, therefore, the side 


M2 


Fig. 2. AFFINITY OF O1L TO D1IFFERENT METAL SURFACES 


leakage is very large. The oil supply was never maintained 
higher than 10 drops per min. Finally, the fact that the roughness 
diminished during tests serves to indicate that the rubbing sur- 
faces were never separated by a continuous film. 

Fig. 1 of Mr. Exline’s discussion shows the calculated values of 
ZN/P which suggests that the bearing performs in the region 
of perfect fluid lubrication, Referring to such curves, we might 
deduce somewhat confusing conclusions. For example, consider 
oil-lubricated steel-mill bearings. Some of these operate with . 
values of ZN/P less than 2 (Z = 250 cp, N = 40 rpm, and P 
= 2500 lb persqin.). A mirror-finish journal runs in such a bear- 
ing with a continuous film of oil, without any wear. However, if 
one refers to the value of ZN /P equal to 2 it might appear that 
such a bearing could not perform at all because it is too close to 
the region of dry friction. 

In view of this fact, it is possible that fluid-film lubrication was 
also taking place during the experiments, but the bearings were 
performing predominantly in the region of boundary or semi- 
fluid friction. 

It is interesting to note from F. P. Bowden’s remarks the 
fact that sliding between metal surfaces might not be a con- 
tinuous process. This was found to be the case during laboratory 
experiments with the use of flat contact surfaces. Undoubtedly 


12 “Uber die Messung der Schmierfihigkeit von Schmierdélen,” by 
Richard von Dallwitz-Wegener, Zeit. technische Physik, vol. 5, 1924, 
pp. 378-384. 
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similar performance might occur in cylindrically shaped surfaces, 
i.e., standard circular bearings. 

Dr. S. Kyropoulos indicates the possibility that the experi- 
ments were carried out under conditions of mixed nonfluid 
(boundary) and fluid lubrication. His explanation of the low 
starting friction of silver bearings is interesting. 

The authors believe that their work will give an impetus for 
similar correlation of friction and surface-finish data. Developed 
surface-finish apparatus provide complete facilities for such ac- 
curate measurements. Friction versus finish data will un- 
doubtedly constitute a field for further development in labora- 
tories and in industry. In this connection, the collaboration of 
physicists and engineers will prove very beneficial in elucidating 
the complex phenomena of friction which some authors consider 
close to the “terra incognita.” 


A Photoelastic Study of Stresses in 
Rotating Disks’ 


C. W. MacGrecor,? The author has presented an interesting 
study of the stresses in rotating disks containing holes by apply- 
ing the newer three-dimensional stress-freezing technique to what 
is essentially a two-dimensional problem. 

A question which occurred to the writer, however, concerns 
the ratio of the diameter of the holes used to the thickness of the 
plate. In model tests A and B the diameter-thickness ratios are 
0.5 and 0.75, respectively, according to the data given in the 
paper. This means that the problem falls somewhere between 
the cases of plane strain and plane stress. 

It was shown some time ago by R. W. Vose? that a considerable 
reduction in the stress-concentration factor determined photo- 
elastically was found for the case of a hole in a plate subjected to 
tension in one direction, as compared to the theoretical value 
when the ratio of hole diameter to the thickness of the plate was 
less than 2 to 1. This would seem to indicate that the stresses 
found photoelastically in the case of the rotating disks described 
in the present paper are lower than the actual values. Although a 
direct numerical correction based upon Vose’s values, as applied 
to the case under discussion, may not give the true picture, it is 
indicative of the order of magnitude of the effect. The factors by 
which the photoelastic-stress value should be multiplied to obtain 
the theoretical value in the case of the plate with a single hole 
subjected to tension in one direction only would be 1.305 and 
1.167, respectively, for the diameter-to-thickness ratios used in 
model tests A and B of the paper. 

The writer would like to ask the author if any experiments 
were made to determine whether or not such effects were of ap- 
preciable magnitude in the present tests. 


A. Yoratapis.‘ Referring to Equation [4a] of the paper and 
the preceding paragraph, the ratio of the cross-sectional area, 
along the circle of centers before drilling the holes, to the area 
after drilling is not 


Qa 
— 24 arc sin (d/4a) 


but 


Even this corrected expression would be unsuitable for this pur- 


1 By R. E. Newton. Published in the June, 1940, issue of the 
JOURNAL OF AppLieD Mecuanics, Trans. A.S.M.E., vol. 62, p. A-57. 

2 Associate Professor of Applied Mechanics, Massachusetts Insti- 
tute of Technology, Cambridge, Mass. Mem. A.S.M.E. 

’“An Application of the Interferometer Strain Gage in Photo- 
elasticity,” by R. W. Vose, JourNaL or AppLiep MECHANICS, Trans. 
A.S.M.E., vol. 57, 1935, p. A-99. 

4 East Rockaway, Long Island, N. Y. 
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pose because the maximum reduction in area does not occur 
in the line of centers, but in the circle, the radius of which is 
V a? — 0.25 d? and at that section the reduction in area due to 
drilling is 


7° . {7 
2" — 12 in — 
are sin 


When d is small relative to a, the author’s equation introduces 
only a slight error. However, this error becomes appreciable as 
this ratio increases. For example when a = 1 in. and d = ?/gin., 
Equation [7] of this discussion gives a value 0.3 per cent more 
than Equation [5]. Whena = lin. andd = 7/sin., Equation [7| 
gives a value 23 per cent more than Equation [5]. At the limit- 
ing value, d = a, when the drilled holes are tangent to each other, 


the author’s equation yields > 3 whereas this value should be 


r— 


,or © as calculated from Equation [7]. 
AvutTHor’s CLOSURE 

Referring to the corrections suggested by Dr. MacGregor, the 
author wishes to state that no such corrections were made 
because none was believed necessary. It seems to the author 
that Vose’s experimental results have been seriously misinter- 
preted by a number of photoelasticians. Although it is not 
defined in Vose’s article, the quantity which he has called the 
“stress-concentration ratio”? seems to be the ratio of the change 
of thickness at the point of highest stress to the change of 
thickness at a point in the uniform stress field. Customary 
usage would define the stress-concentration factor in the problem 
of the hole in a tension field as the ratio of the maximum principal 
stress to the tension in the uniform field. The two definitions 
will yield identical values as long as a condition of plane stress 
exists in the plate. However, when the ratio of the diameter of 
the hole to the thickness of the plate is small the stress system 
in the plate is three-dimensional and the strain gage does not 
measure the sum of the two principal stresses in the plane of the 
plate. Theory of elasticity shows that the stress-concentration 
factor is equal to 3 for the limiting cases of plane stress and plane 
strain and there is no apparent reason to anticipate an appreci- 
able change in the intermediate range. Some unpublished ex- 
perimental results (obtained optically, by use of a polariscope) 
of M. M. Frocht confirm this opinion. 

In the problem of the rotating disk the variation of the body 
forces causes a difference in the theoretical solutions under the 
assumptions of plane stress and plane strain. It is well known 
that the drilling of a small hole in the center of a solid rotating 
disk of uniform thickness doubles the maximum principal stress 
in the disk. Although this stress-concentration factor is usually 
derived under the assumption of plane stress, it is equally cor- 
rect for the case of plane strain, despite the difference in the 
magnitudes of the stresses in the two cases. There is no avail- 
able theoretical solution for the problem dealt with experimentally 
in the author’s paper, but, in the light of the foregoing considers- 
tions, it seems reasonable to assume that the correction suggested 
by Dr. MacGregor is unwarranted. 

The author readily concedes that Mr. Yorgiadis’ mathematics 
is correct. At the time of writing of the paper the approximate 
nature of the correction factor, Equation [5], was recognized, but 
this form was used for the sake of simplicity. The 0.3 per cent 
error involved is considerably smaller than the probable exper 
mental error. In the extreme hypothetical cases cited by Mr 
Yorgiadis not even his “‘corrected’’ correction factors would be 
suitable, because the assumption stated in the paper, upon which 
the use of the correction factor is based, is grossly violated. 
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Strength of Marine-Engine Shafting 


STRENGTH OF MARINE-ENGINE SHartinG. By S. F. Dorey, D.Sc., 
Chief Engineer Surveyor, Lloyd’s Register of Shipping. A paper 
with copious discussion published by the North-East Coast Insti- 
tution of Engineers and Shipbuilders, Newcastle-on-Tyne, Eng- 
land, 1939. Cloth, 6 X 9in., 150 pp., figs., 5 s. 


REVIEWED BY J. P. Den Hartoc! 


HE paper gives a very elaborate and complete account of 

the cause and frequency of failures of marine shafting during 
the last decade. It can be divided roughly into three parts: 
The first deals exhaustively with the various strength properties 
of materials used in crankshafts, the second part is concerned 
with torsional vibration in the drive system, and the third part 
discusses axial vibration. 

It has been found, in the author’s experience, that a number of 
failures in crankshafts could not be explained by torsional excita- 
tion, but would have to be traced down to a longitudinal or 
axial vibration of the entire drive structure. Methods of analysis 
for calculating these effects, very similar to those employed for 
torsional vibrations, are given. The method used throughout the 
paper is the usual one originated by Holzer. An innovation con- 
sists in writing the hysteresis loss in the shaft as being propor- 
tional to the square of the stress rather than to the 2.3 power, 
which has been common practice heretofore. The history of this 
number 2.3 is rather interesting. It appears that tests prior to 
1920 by an English investigator on mild steel gave a hysteresis 
loss proportional to the 2.3 power of the stress. Modern crank- 
shaft steels have hysteresis losses several times smaller than those 
found by the original investigator and, moreover, the total loss 
in the engine is about ten times as high as the hysteresis loss in the 
crankshaft. Nevertheless, it has become customary to calculate 
the hysteresis loss in the crankshaft on the basis of the power 2.3 
and then to multiply by an empirical constant of roughly 10. This 
procedure surprisingly leads to results that are in decent agree- 
ment with practice, but an analysis on the basis of the simple 
power 2 would do just as well and is very much simpler to handle. 
It is gratifying therefore that an authority on Lloyd’s Register of 
Shipping has taken the initiative toward this simplification. 

The paper is illustrated with a large number of records and test 
setups and the discussion contains contributions from almost 
every authority in the field of vibrations in marine engines. 


Biomechanics 


RESEARCHES IN THE BiopyNamics OF Locomotion. N. Bernstein, 
editor. Volume 1, V.I.E.M. (Institute of Experimental Medi- 
cine), U.S.S.R., 1935. 243 pp., 107 figs., 88 tables. $2.00 (Rbls. 

_ 7.75) (Russian). 

PEARFULLY AND WONDERFULLY MapgE. By Renée von Eulenburg- 
Wiener. The Macmillan Company, New York, 1938. Cloth, 
t X 91/2 in., xii and 472 pp., $3.50. 


REVIEWED BY GEORGE B. 


THe word “biomechanics” is now rather fashionable. It 
denotes the active interest which medical people have re- 
cently shown in studying the mechanics of the human body, in 


! Associate Professor of Applied Mechanics, Harvard University, 
ambridge, Mass. Mem. A.S.M.E. 

_* Professor of Mechanical Engineering, Columbia University, New 
York. Mem. A.S.M.E. 


Book Reviews 


addition to the chemistry of the thousands of involved reactions 
in our organisms. 

The analysis of the mechanics of the human body should be 
basically easier than the study of the physiological reactions, 
nevertheless exact information in biomechanics is scarce. This 
may be attributed to the fact that mechanical models and ade- 
quate instruments are expensive when compared with the equip- 
ment necessary for biological and chemical investigations. 

The mechanics of the body can be studied from various angles 
and the term biomechanics is really too all-inclusive as used at 
present. In the first place, the body can be considered as a 
machine designed to perform certain mechanical motions and 
produce mechanical work. The kinematics of the various link- 
ages; both static and dynamic forces acting on the various 
members and joints of the body; the stresses and strength of 
the structural bones, muscles, and tendons would fall under this 
classification. Then the heat balance of the body may be ana- 
lyzed. This would involve the conversion of energy of combus- 
tion and of all the complicated reactions into heat and work, i.e., 
consideration of the body as a power generator. Again, the con- 
trol systems of the body can be studied: the thermostatic function 
of the skin, the optical, acoustical, and muscular mechanisms, 
and the flow of blood through the vessels. 

The first book, although somewhat old for a book review, is 
hardly known here. It is the first treatise in a series devoted to 
human locomotion, and deals with the walking of an adult. The 
locomotion of a child, the military step, the dynamics of running, 
and the motion on protheses are promised in the next volume. 
The reports published in this volume are the results of ten years 
of experimentation by Bernstein and his group; the technique 
used was a substantial improvement upon the methods employed 
by Braune and Fischer.? A number of small lamps were at- 
tached to various joints of the investigated men, and photographs 
at the rate of 98 frames per sec were taken of the lamps’ positions 
while the men walked. After careful time plotting of the coor- 
dinates so determined, the velocities and accelerations of the 
points were determined and, therefore, the dynamic forces acting 
on the various joints could be ascertained. 

For instance, the velocity of the shoulder in a normal man was 
found to vary from 4.7 fps to 5.9 fps during each step, while the 
pressure of his foot on the ground varied from 90 to 213 lb. The 
weight of the man was 152 lb and his speed was 122 paces per min. 

The first two chapters of the book describe the experimental 
technique. Chapter 3 treats the free walking of an adult; chap- 
ter 4 gives the information for a laborer carrying loads; the last 
chapter discusses fatigue after long walking, both free and with 
load. 

The book of Eulenburg-Wiener is of interest to those who would 
consider the human body as a power generator. In a short 
volume “the author has succeeded in presenting and explaining 
the most important facts now known about the human body.” 
The book consists of 32 chapters. The first several chapters deal 
with the digestion of food, its chemical transformations, and ab- 
sorption while it travels through the body. 

Four chapters discuss the blood-circulation system. The 
pressure drop of from 30 to 40 mm of mercury in the capillary 
system is discussed; the mechanics of blood vessels as described 


3‘*Der Gang des Manschen,”’ by O. Fischer, Trans. Society of 
Saxony, Teubner, Leipzig 1895; 1899-1901, 1904. 
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is somewhat confused; it would offer a challenging problem for 
one interested in variable flow in elastic tubes. 

The energetics of the body is treated in several chapters. It is 
rather remarkable that the animal body produces the same 
amount of heat during the digestion of a given food, such as 
carbohydrates or true fat, as the food would yield if burned in a 
bomb calorimeter. Yet the temperatures at which all the reac- 
tions are taking place are so much lower than any which are used 
in laboratories. 

The importance of the skin as an instrument for regulation of 
the body temperature is pointed out in chapter 28. Minute areas 
respond to either hot or cold sensations. These spots are sensitive 
to infrared radiation lying within the range of from 8000 to 
1,000,000 A. The last chapter gives an integrated picture of the 
human body as a whole, surveying the various sensations and 
activities in their interconnections. 

The book leaves one with the impression that enormous strides 
were made toward understanding the fine physiological reactions 
and interrelations in the many complicated organisms comprising 
the human body. In comparison, the lack of information on the 
simple mechanics of the body is striking. Thirty years passed 
between the work ef Braune and Fischer and that of the Bernstein 
group. Some published work on testing tendon tissues for 
strength is of very recent origin.4.5 An indication that the wings 
of birds, a duck, and a hawk are constructed with the factor of 
safety of two was obtained in 1938 in the State Aeronautical 
Research Laboratory at Moscow. Other scattered bits of in- 
formation can be found here and there. It seems that it is time 
for such organizations as the powerful insurance companies to 
take up the subject of biomechanics, find a number of able en- 
gineers and physicians genuinely interested in the mechanics of 
the human body, and let them work on a long-time program. 
The result of such an investigation, properly endowed and 
planned, would no doubt repay manyfold the investment of funds 
and energy involved in the investigation of this neglected field. 


Vapor Charts and Special Tables 
for Turbine Calculations 


Vapor CHARTS AND SpeciAL TABLES FOR TURBINE CALCULATIONS. 
By Frank O. Ellenwood and Charles O. Mackey, Professors of Heat 
Power Engineering, Cornell University, John Wiley & Sons, Inc., 
New York, N. Y., 1939. Cloth, 8'/2 X 11 in., 43 pages, charts, 
tables. $2.50. 


REVIEWED BY C. Haro_p Berry® 


Spe original Ellenwood steam charts, based upon the Marks 

and Davis tables, appeared in 1914, and rapidly gained favor 
among engineers having occasion to make frequent computations 
for changes of state of steam. This replotting uses the Keenan 
and Keyes tables and therefore covers a wider range with su- 
perior accuracy. The plotting and reproduction are splendidly 
done. 

The chart giving the properties of saturated and superheated 
steam covers a wide range to a large scale. If it were on one sheet, 
it would be 40 X 47in. For convenience, it is divided into twenty- 
one sections, each occupying one page of the volume. Once the 


“Biomechanical Studies of Fibrous Tissues Applied to Fascial 
Surgery,’”’ by C. M. Gratz, Archives of Surgery, vol. 34, 1937, p. 461. 

5 “Engineering Methods in Medical Research,”’ by C. M. Gratz and 
8. N. Blackberg, Mechanical Engineering, vol. 57, April, 1935, pp. 217- 
220. 

‘Gordon McKay Professor of Mechanical Engineering, The 
Graduate School of Engineering, Harvard University, Cambridge, 
Mass. Mem. A.S.M.E. 
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user is familiar with the arrangement (a matter of a few minutes’ 
examination) he should find this volume much more convenient 
and durable than a large “blanket” chart. A small-scale skeleton 
chart serves as an index which will be used at first and soon out- 
grown. 

The ordinate scale of enthalpy is divided to single Btu per 
pound; fractions can be estimated. The abscissa is a logarithmic 
seale of specific volume comprising five 9-inch cycles with di- 
visions not as close as those of the 10-inch slide rule; readings 
can be estimated to three digits throughout the range from the 
critical volume (0.05) to 3500 cu ft per Ib, which is a trifle larger 
than the specific volume of saturated vapor at 32 F, 

Lines of constant pressure, constant entropy, constant per cent 
moisture (in the wet region), and constant temperature (in the 
superheated region) are provided at satisfactory intervals, wide 
enough to make the chart easy to read, and close enough to per- 
mit estimating between consecutive curves to a degree of pre- 
cision that agrees well with the probable accuracy of observed 
data. 

The choice of enthalpy and volume as coordinates provides 
what is probably the most widely useful chart of vapor properties 
Since specific volumes can be read directly, in addition to all the 
quantities given by the widely used Mollier enthalpy-entropy 
chart, the Ellenwood chart makes possible a direct solution ir 
terms of ratio of expansion which demands a tedious cut-and-trn 
solution by other means. The chart may appear at first sight 
be somewhat more complex, but this impression is soon dispelled 

One could wish that the authors had found it feasible to provid 
a generous overlap on all four edges of each section of the chart 
Apart from this minor item, one can find no fault with the chart 
which should promptly resume its place as the most convenien! 
means for carrying out steam computations with a degree of ac- 
curacy sufficient for most applications. 

The chart giving the properties of compressed liquid water 
the best that the writer has seen. It provides for direct solutiox 
of all typ2s of problems that arise, and permits reading to a degre 
of accuracy that is as good as the readings of thermometers an: 
pressure gages. It is much more convenient and more accuraté 
than the skeleton table which is the only other convenient source 
of data in this field. This chart, covering two pages, is a valuab! 


contribution to the engineer’s equipment. 

Supplementary tables and charts greatly increase the usefu- | 
ness of the volume. For the turbine designer there are tables 
jet velocities for enthalpy drops up to 80 Btu by tenths, and uy 
to 599 by units, and a table of squares of numbers from 200 « 
2000, expressed in millions. For the air conditioner there ar | 
three pages of psychrometric charts for dry-bulb temperature 
from —40 to +350 F, plotted in convenient form so as to yiel: | 
easy readings of relative and specific humidity, volume per poun: 
of air, and the sigma function (enthalpy — enthalpy of liquid 
For the refrigerator there are charts of the properties of ammon# 
and freon-12, with enthalpy plotted against the logarithm ‘ 
pressure, covering the entire two-phase liquid-vapor region a0 
an adequate portion of the superheated-vapor region. For ever 
body there are tables for correcting mercurial barometer readint 
for gravity, temperature, and capillarity. 

This replotting of a chart that has always been one of the mo 
useful should meet with a hearty welcome from engineers 4: 
others who have occasion to make thermodynamic computatio® 
The authors are to be congratulated for having produced so go 
a job. 

In a publication involving so much plotting, it is astonish 
to find so few errors. There are seven errors in marking numé™ 
cal values on the lines—these will be immediately evident to ™ 
user of the chart—five of them are noted on an errata sheet. 
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Warren Horton McBryde 


Warren Horton McBryde, consulting engineer, industrialist, and world traveler, of 
San Francisco, California, President of The American Society of Mechanical Engineers 
for the year 1939-1940, was born at Mobile, Ala., in 1876. At the age of 17, he entered 
the Alabama Polytechnic Institute, Auburn, where he specialized in electrical and 
mechanical engineering. He was graduated in 1897 with the degree of B.S. 

Immediately after graduation, he was employed by the Electric Lighting Co. of Mo- 
bile, following which he did architectural designing and drafting for George F. Barber 
& Co., Knoxville, Tenn. During the Spanish-American War, he served for a few 
months in the U.S. Lighthouse Department and U.S. Engineers Corps and had charge 
of the submarine mines, searchlights, and electrical equipment guarding the entrance 
to Mobile Bay. Following this he was made chief electrician of the U.S. Army Trans- 
port Sheridan, on which he made a vovage from New York, N.Y., via the Suez Canal 
to the Philippines; thence via Nagasaki, Japan, to San Francisco, where he was honor- 
ably discharged. From 1899 to 19035, Mr. McBryde was employed by the Yuba Elec- 
tric Power Company as assistant resident engineer in charge of construction on the 
Colgate hydroelectric powerhouse, in northern California, by the Peyton Chemical 
Company, San Francisco, as assistant superintendent of construction and by the Bay 
Counties Power Company, also of San Francisco, as chief draftsman and assistant to 
the chief electrical and mechanical engineer. 

He was the first resident engineer in charge of construction at Gibbstown, N.J., for 
the E. 1. du Pont de Nemours Powder Company from 1903 to 1905, and was trans- 
ferred during the vear 1905 to Hercules, Calif., where he constructed large sulphuric 
acid plants. In 1906, he was appointed the first chief of the West Coast engineering 
and construction department of the du Pont organization and, subsequently, became 
assistant superintendent of its Hercules plant and retained this position until 1919. 
During this period, Mr. McBryde was in charge of all maintenance and repairs, and 
handled many important engineering problems in connection with the hurried con- 
struction of 12 large TNT plants, the necessary nitric- and sulphuric-acid factories, 
and many other industrial buildings during the World War. He was also in charge of 
the labor- and industrial-relations department of the company and secured positions 
for more than three quarters of the 4000 men under his supervision when demobiliza- 
tion came. 

In 1919, he became secretary of the California & Hawaiian Sugar Refining Co., 
San Francisco, and assistant to the general manager, and handled many important 
engineering problems for the company until 1927, when he engaged on his own ac- 
count in his present business as a consulting engineer. 

Mr. McBryde was elected a member of the Society in 1921. He was chairman of the 
San Francisco Section in 1925 and 1926, when the Spring Meeting was held in San 
Francisco in the latter year. As a delegate from the Section, he attended the 1926 
Annual Meeting of the Society in New York, N.Y., and the celebration at Washington, 
D.C., in 1930, of the fiftieth anniversary of the formation of the A.S.M.E. 
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In company with Calvin W. Rice, Mr. McBryde represented the Society at the 
75th anniversary of the Verein deutscher Ingenieure at Cologne, Germany, in June, 
1931; he also attended the 1931 and 1935 spring meetings in England of The Institu- 
tion of Mechanical Engineers at Cambridge and Bath, respectively. He was one of the 
founders of the Engineering Societies Employment Service office in San Francisco. 
In 1937, Mr. McBryde was elected vice-president of the A.S.M.E. and in his official 
capacity attended the 1937 and 1938 Annual Meetings in New York. He has taken a 
great deal of interest in the activities of A.S.M.E. student members and has attended 
their meetings at several schools on the West Coast as well as the Student Group 
Meetings, in 1938 and 1939, at Los Angeles and San Francisco, respectively. 

In more recent years Mr. McBryde made his second and third circumnavigations 
of the globe, including voyages which took him through the Suez and Panama Canals, 
the Strait of Magellan and around the Cape of Good Hope, and visited and studied 
some eighty of the most prominent countries of the world, some two hundred and 
fifty of the most important world ports, and the capitals and principal cities of most 
of these countries. 

These extended trips were made to study first-hand the engineering progress and 
industrial developments, the harbor improvements and port facilities, the transporta- 
tion svstems—rail, highways, and inland waterways—also the industrial, mineral, and 
agricultural products of these countries, as well as their domestic commerce and 
foreign trade, their economic conditions, and their political problems. During these 
trips he met many of the world’s leading engineers and the directors of the most im- 
portant museums of science and industry. 

Other activities of Mr. McBryde include election as mayor of Hercules, Calif., and 
supervisor of Contra Costa County, while a resident of that city; the San Francisco 
Engineers’ Club; the San Francisco Electrical Development League; and the presi- 
dency of the Industrial Association of San Francisco, in 1921, in recognition of his 
experience as an industrial employer and his interest in workingmen. 
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Publications, C. B. Peck WARNER SEELY 

Admissions, R. L. SACKETT Library, A. R. MUMForRD 

Professional Divisions, HARTE CooKE Research, L. W. WALLACE 

Local Sections, A. J. Kerr Standardization, W. C. MUELLER 
Constitution and By-Laws, G. E. Power Test Codes, FRANCIS HODGKINSON 
Honors and Awards, J. W. Roe Safety, T. F. Hatcu 


Professional Conduct, B. F. Woop 
EXECUTIVE COMMITTEE OF THE COUNCIL 


WARREN H. McBrype, Chairman 
JAMES W. PARKER, Vice-Chairman 
KENNETH H. Conpit 

CLARKE FREEMAN 

WILLIAM H. WINTERROWD 


Advisory Members: Chairmen of the 
Finance, Local Sections, and Professional 
Divisions Committees 


SECRETARIAL STAFF 


Ernest Hartrorb, Assistant Secretary (Sections, Divisions, Student Branches, Membership, 
Meetings, etc.) 

C. B. LePage, Assistant Secretary (Technical Committees) 

Georae A. Stetson, Editor 

FREDERICK LASK, Advertising Manager 

D. C. A. Boswortu, Comptroller 
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STANDING COMMITTEES 
FINANCE LOCAL SECTIONS RESEARCH 
J. J. Swan, Chairman* (1940) A. J. Kerr, Chairman* (1940) L. W. WALLACE, Chairman* (1940) 
J. L. Kopr, Vice-Chairman (1941) H. L. Eaeieston (1941) E. G. Battey (1941) 
K. W. Jarre (1942) J. N. Lanpis (1942) W. Trinks (1942) 
G. L. Knieut (1943) J.P. Ferris (1943) M. D. Hersey (1943) . | 
W. I. Sticnter (1944) F. W. Marquis (1944) J. H. WALKER (1944) 
Council Representatives Junior Advisers 
C. L. Bauscr (1940) J. R. Cave, Jn. (1940) STANDARDIZATION ¢ 
K. M. Irwin (1941) S. Davipson (1941) W. C. MUELLER, Chairman* (1940) 
; s (Personnel of Local Sections’ Executive A. L. Baker (1941) 
Committees, my RI-10) J. E. Lovery (1942) 
Joun S. (1940) J. R. WEAVER (1943) 
T. E. Frencn (1944) } 
MEETINGS AND PROGRAM CONSTITUTION AND BY-LAWS 
Erik Oserc, Chairman* (1940) G. E. Huse, Chairman* (1940) POWER TEST CODES + 
A. T. Dupont (1942) I’'RANCIS HopGKINSON, Chairman ®* (1944 
A. L. (1942) AG.C H 
N. E. Funk (1943) L. H. Kenney (1943) A. G. ( HRISTIE, ice-Chairman (1941) p 
L. K. Stutcox (1944) F. B. Orr (1944) W. W. LAwreNCE, Junior Observer (194 
Junior Advisers Junior Adviser Term expires 1940 ; 
— H. M. Brack (1940) A. T. Brown V 
B. V. E. NorpBere A 
HONORS AND AWARDS Picort 
BLI NS M. C. Stuart 
J. W. Roe, Chairman* (1941) 
C. B. Peck, Chairman* (1940) W. H. Carrier (1940) Term expires 1941 . 
CoLEMAN SELLERS, 3p (1941) R. V. WricHT (1942) 
F. L. Brapiey (1942) D. C. Jackson (1943) A. G. CHRISTIE H 
C. R. Soversero (1943) C. L. Bauscn (1944) 
Nn, Jr. (1944 A. OrroK 
A. R. Grevenson, Jn. ( ) (Personnel of Special Committee, p. RI-3)  L. A. QUAYLE Ss. 
Advisory Members (1940) W. M. WHITE A. 
W. L. Dubey RELATIONS WITH COLLEGES Term expires 1942 
N. C. 
A. N. Gopparp H. O. Crort, Chairman* (1940) W. A. CARTER W 
E. J. Kates E. W. O’Brien (1941) HarTE COOKE F. 
L. S. Marks A. C. Cuick (1942) E. R. FisH W. 
J. M. Topp J. D. CUNNINGHAM (1943) H. B. Oatley T 
P. B. Eaton (1944) W. J. WOHLENBERG C, 
H. B. Fernatp, Jr. (1940) HED ) = 
. E. DeGLer 
(Personnel of Special Committee, p. RI-3) E. O. Eastwoop H. B. ReyNo.ps ( 
F. H. Prouty P. W. SwAIn 
ADMISSIONS G. L. Suntivan E. N. Trump 
R. L. Sackett, Chairman* (1940) Junior Adviser Term expires 1944 
H. E. (1941) J. I. Yettorr (1940) C. H. Berry 
T. M. Knoop (1942) D. 8. Jaceaus 
S. H. Lipsy (1943) (Student Branches and Officers, p. RI-18) Francis HopGKINSON 
L. R. Forp (1944) . L. F. Moopy i 
THE INDUSTRIES E. 
F. C. Spencer (1940) 
Warner SEELY, Chairman* (1940) SAFETY 
J. H. (1941 4 
PROFESSIONAL DIVISIONS A. R. ray (1942) T. F. Hatcu, Chairman* (1941) 
Harte Cooke, Chairman* (1940) M. R. Bowerman (1943) | 
Victor Wicnum (1941) A. C. Harper (1944) 
A. E. WINDLE (1943) H 
G. B. Kareritz (1942) H. C. Hoventon (1944) 
W. A. Carter (1943) Advisory Member (1940) K 
C. T. RIPLey (1944) F. O. CLEMENTS i J. V 
LIBRA 
Junior Advisers mans 
Sam Scnoor (1940) PROFESSIONAL CONDUCT A. R. Mumrorp, Chairman* (1940) ALE} 
A. E. Burirer (1941) JOHN Buizarp (1941) V 
B. F. Woop, Chairman* (1940) E. F. Cuurcn, Jr. (1942) 
(Personnel of Professional Divisions’ E. H. Tenney (1941) The Secretary, C. E. Davies, E2-Oficio R. \ 
Executive Committees, p. RI-6) W. H. Kenerson (1942) es 4 
C. E. WapDELL (1943) + Personnel of all Technical Comm 
*Representative on the Council. V. E. ALDEN (1944) pp. RI-20-33. {<4 
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BIOGRAPHY ADVISORY 


(Special Committee of Publications 


Committee) 


R. V. Wrieut, Chairman 
L. P. ALFORD 

R. E. FLANDERS 

G. A. ORROK 

J. W. Roe 

W. H. WINTERROWD 


BOILER CODE 


D. 8S. Jacopus, Chairman 
BE. R. Fisu, Vice-Chairman 
W. Osert, Honorary Secretary 
M. Jurist, Acting Secretary 
C, A. ADAMS 
H. E. ALDRICH 
H. C. BoARDMAN 
Perry CASSIDY 
2. E. CEcIL 
F. S. CLARK 
J. 
V. M. Frost 
C. E. GorTON 
A. M. GREENE, JR. 
W. G. HUMPTON 
J. O. Leecu 
I. E. MouLtrop 
C. O. Myers 
H. B. OATLEY 
JAMES PARTINGTON 
WaLTeR SAMANS 
S. K. VARNES 
A. C. WEIGEL 


Honorary Members 


W. H. Boru 

F. W. DEAN 

W. F. Duranp 

T. E. DursBan 

C. L. Huston 

W. F. Kiese, Jr. 
M. F. Moore 

H. H. VAUGHAN 

H. LERoy WHITNEY 


(Personnel of Boiler Code Committees, 


p. RI-32) 


MEDALS 


(Special Committee of Board of Honors 


and Awards) 


Term erpires 1940 
W. H. Carrier 


H.C. Meyer, Jr. 
L. W. WaLLace 


Term expires 1941 
H. A. Everett 
H. A. S. Howartu 
G. A. Orrok 
J. W. Roe 


Term expires 1942 


LEXANDER KLEMIN 
W. O’Brien 


A 
E. 
E. S. Pearce 
R. 


V. Wricut 
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SPECIAL COMMITTEES 


MEDALS 
(Continued) 


Term erpires 1943 
C. M. ALLEN 
R. L. DAUGHERTY 
W. A. HANLEY 
D. C. JACKSON 


Term expires 1944 
C. L. BAuscH 
FRANCIS HopGKINSON 
L. C. Morrow 
J. M. Topp 


REGULAR NOMINATING COMMITTEE 
FOR 1940 


O. A. LeurwiLer. Chairman 
A. R. Mumrorp, Secretary 


E.R. Fisu, Hartford, Conn. 
W. F. Ryan, Boston, Mass., 1st Alter- 
nate 
F. O. West 
Conn., 2nd Alternate 
II A. R. Mumrorp, New York, N. Y., 
Secretary 
E. J. Brttrnes, New York, N. Y., Al- 
ternate 
III D. G. Wrtiams, Allentown, Pa. 
A. L. KIMBALL, Schenectady, N. Y., 
1st Alternate 
F. C. Spencer, Sr., Westfield, N. J., 
2nd Alternate 
IV K. P. Kammer, New Orleans, La. 
E. E. Charlotte, N. C., 1st 
Alternate 
W. R. CHAmBerS, Knoxville, Tenn., 
2nd Alternate 
VC. Gross, Anderson, Ind. 
WARNER SEELY, Cleveland, Ohio, Al- 
ternate 
VI O. A. Leutwiter, Urbana, IIl., Chair- 
man 
H. B. Bernarp, Tulsa, Okla., 1st Al- 
ternate 
L. P. Werner, Peoria, Ill., 2nd Alter- 
nate 
VII B. T. McMinn, Seattle, Wash. 
R. L. Dyer, Seattle, Wash., 1st Alter- 
nate 
E. O. Eastwoop, Seattle, Wash., 2nd 
Alternate 


Hartford, 


LOCAL SECTIONS IN NOMINATING 
COMMITTEE GROUPS 


GROUP I 


Boston 
BRIDGEPORT 
GREEN MOUNTAIN 
HARTFORD 

New Britain 
New HAvEN 
NorwicHu 
PROVIDENCE 
WATERBURY 
WESTERN MASSACHUSETTS 
WORCESTER 
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NOMINATING COMMITTEE GROUPS 
(Continued) 


GROUP II 


METROPOLITAN (N.Y.) AND FOREIGN 
MEMBERS 


GROUP III 


ANTHRACITE-LEHIGH VALLEY 
BALTIMORE 

BUFFALO 

CENTRAL PENNSYLVANIA 
ITHACA 

PHILADELPHIA 
PLAINFIELD 

ROCHESTER 
SCHENECTADY 
SUSQUEHANNA 
SYRACUSE 
WasHINGTON, D.C. 


GROUP IV 
ATLANTA 
BIRMINGHAM 
CHARLOTTE 
East TENNESSEE 
FLORIDA 
GREENVILLE 
MEMPHIS 

NEW ORLEANS 
NortH TEXAS 
RALEIGH 
SAVANNAH 
SoutH TEXxaAs 
VIRGINIA 


GROUP V 
AKRON-CANTON 
CENTRAL INDIANA 
CINCINNATI 
CLEVELAND 
COLUMBUS 
DAYTON 
DETROIT 
ERIE 
LOUISVILLE 
ONTARIO 
PENINSULA 
PITTSBURGH 
TOLEDO 
WEsT VIRGINIA 
YOUNGSTOWN 


GROUP VI 


CENTRAL ILLINOIS 
CHICAGO 

Fort WAYNE 
Kansas 
Mip-CoNnTINENT 
MILWAUKEE 
MINNESOTA 
NEBRASKA 

Rock RIver VALLEY 
St. JosEPH VALLEY 
Str. Lovis 
TrI-CITIES 


GROUP VII 


COLORADO 

INLAND EMPIRE 

Los ANGELES 

OREGON 

SAN FRANCISCO 

UTAH 

WESTERN WASHINGTON 
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SPECIAL COUNCIL COMMITTEES 
(Dates in parentheses denote expiration of terms) 
AIMS AND OBJECTIVES ECONOMIC STATUS OF THE MANUAL OF PRACTICE 
ENGINEER 
Appointments to be made B. F. Woop, Chairman 
C. J. Freunpb, Chairman J. A. WILLARD, Secretary 
D. S. KIMBALL ALFRED IpDDLES 
BOARD OF REVIEW C. N. LAUER WYNN MEREDITH 
F. Matcotm Farmer, Chairman (1940) H. B. Oattey J. M. Topp 
G. L. Knient (1941) H. L. WHIrreMoRE M. X. WILBERDING I 
W. A. SHoupy (1942) W. E. WICKENDEN Chairman of Committee on Professional 
Junior Representatives Conduct, Ea-Oficio 
BOARD ON TECHNOLOGY Junior Aéviser 
ALFRED IppLEs, Chairman Haroip SIZeER Puitie WERNER 
J. C. HUNSAKER W. B. OAKLEY, JR. \ 
R. F. Gace Chairmen of Committees on Local Sections REGISTR ‘ | 
socal ATION \ 
L. W. Wattace (Research) and Relations With Colleges, Ex-Officio 
Harte Cooke (Professional Divisions) V. M. Patmer, Chairman 
C. B. Peck (Publications) S. H. Grar E 
Erik OserG (Meetings and Program) EDUCATION J. A. McPHerson 
F. L. EMann, Chairman (1941) 
CITIZENSHIP (MANUAL ON) C. J. Freunp (1940) v 
: V. M. PaLMer (1940) SOCIETY OFFICE OPERATION C 
A. R. CULLIMORE, Chairman A. D. Battey (1941) 
LILLIAN M. GILBRETH K. H. Conprr (1941) J. N. LANDIS, Chairman 4 
W. H. WINTERROWD H. P. HaMMonp (1942) ALFRED IDDLES G 
R. V. WRIGHT A. R. Stevenson, Jr. (1942) W. H. WInTERROWD 0 
J. W. Roe 
Representatives of Committees on Local = 
Sections and Relations with Colleges, and GEORGE WESTINGHOUSE BUST 
DEPRECIATION Society for the Promotion of Engineering D. 8. Krceatt. Chairmen 
C. E. Davirs, Secretary 
K. T. Compton Al 
P. T. Norton, Jr. FREEMAN FUND P. D. Cravati A. 
S. W. Duprey 
DUES-EXEMPT MEMBERS’ CN. Laver 
G. A. OrroK J. H. MoGraw 
Harte Cooke, Chairman L. A. OSBORNE 
G. W. Farny C. F. Scorr 
F. D. HERBERT NATIONAL DEFENSE L. B. STILLWELL 
S. H. Lipsy H. I. Cone, Chairman J. B. Wrigut 
W. R. WEBSTER K. H. Conpir R. V. Wricut C. 
W. C. DICKERMAN 
T. A. Morcan 
J. L. WALSH 
H. K. Rutruerrorp (War Dept. Rep.) 
A. B. ANDERSON (Navy Dept. Rep.) J. 
TH 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


Nee also AS.M.E. Representatives on Other Research Committees, etc., pages RI-21, 27, 28, 31, 33 


AMERICAN ASSOCIATION FOR THE 
ADVANCEMENT OF SCIENCE 


SECTION M, ENGINEERING 


R. F. Gage 
R. L. SACKETT 


ENGINEERING 


(One year term) 


COUNCIL 


W. H. McBrybe, Chairman 
W. L. Batt 
2. E. FLANDERS 
T. S. McEwan 
W. O'BRIEN 
Alternates 


W. H. CLapp 

C. J. COLLEY 
SABIN CROCKER 

A. L. Davis 

G. F. MeDoUuGALL 
O. B. Scuter, IT 


AMERICAN STANDARDS 
ASSOCIATION 


ALFRED IppLes (1940) 
A. L. BAKerR (1942) 


Alternate 
C. B. LePage (1940) 


AMERICAN YEAR 
CORPORATION 


C. E. Davies 


CENTER FOR SAFETY EDUCATION 


J. B. CHALMERS 


THOMAS ALVA EDISON FOUNDATION 
Watter Kippe 
THE ENGINEERING FOUNDATION 


W. H. FuLWEILER (1940) 
H. Conpir (1943) 
A. A. Porrer (1943) 


RESEARCH PROCEDURE COM MITTEE 


W. H. FULWEILER (1940) 


ENGINEERING HISTORY 


G. A. Orrox 
Ror 


ANS 


(Dates in parentheses denote expiration of terms) 


ENGINEERING SOCIETIES 
MENT SERVICE 
C. E. Davies, National Board 
R. D. Brizzocara, Chicago Board 
S. R. Dows, San Francisco Board 
Ernest Hartrorp, Chairman, Metropolitan 
Board 


EMPLOY- 


ENGINEERS’ COUNCIL FOR PROFES- 
SIONAL DEVELOPMENT 


A. R. Stevenson, Jr. (1940) 
H. T. Wooison (1941) 
R. L. Sackett (1942) 


JOHN FRITZ MEDAL BOARD OF 
AWARD 


W.L. Barr (1940) 
J. H. Herron (1941) 
H. N. Davis (1942) 
A. G. CHRISTIE (1943) 


FUEL VALUES 
JOINT COMMITTEE WITH THE A.I.M.E. 


. D. BAILEY 

. H. Barry 

F. M. Gipson 

H. Drake HARKINS 
J.C. Hopss 

A. L. PENNIMAN, JR. 
B. RICKETTS 

E. H. TENNEY 


GANTT MEDAL BOARD OF AWARD 


W. D. ENnts (1940) 
L. C. Morrow (1941) 
LILLIAN M. (1942) 


DANIEL GUGGENHEIM MEDAL 
FUND, INC. 


W. B. Mayo (1940) 
E. A. Sperry, Jr. (1941) 
ALEX. KLEMIN (1942) 


JOSEPH A. HOLMES SAFETY 
ASSOCIATION 


J. F. BARKLEY 


HOOVER MEDAL BOARD OF AWARD 


W. H. KENeERSON (1941) 
S. F. VoorHees (1943) 
W. L. Barr (1945) 


INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 


U. S. NATIONAL COMMITTEE 


H. N. Davis 
FRANCIS HopGKINSON 
PAUL DISERENS 


Alternate 


C. Harotp Berry 


MARSTON AWARD 

G. A. OrrokK 

NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


V. M. PALMER 


NATIONAL FIRE WASTE COUNCIL 


JOHN A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


J. A. PIAcCITELLI (1941)—F. L. EMDMANN, 
Alternate 

L. C. Morrow (1942)—-W. H. KusHNICK, 
Alternate 

L. P. Atrorp (1943)—C. W. LytLe, Alter- 
nate 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL 
RESEARCH 


W.L. Barr (1942) 


ALFRED NOBLE PRIZE 
A. M. GREENE, JR. 
UNITED ENGINEERING TRUSTEES, 
INC. 


K. H. Conpir (1940) 
H. A. LARDNER (1942) 
To be appointed (1943) 


ENGINEERING SOCIETIES MONOGRAPHS 
COM MITTEE 


C. B. Peck 
G. B. KARELITZ 


VERMILYE MEDAL ADVISORY 
COMMITTEE 


R. A. WENTWORTH 


WASHINGTON AWARD COMMISSION 


C. B. Notte (1940) 
W. L. Apport (1941) 
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STANDING COMMITTEE 


Harte Cooke, Chairman (1940) 
Victor WIicHUM (1941) 

G. B. KARreELITz (1942) 

W. A. CARTER (1943) 

C. T. Rrptey (1944) 


Junior Advisers 


Sam SwHoor (1940) 
A. E. Buirer (1941) 


Aeronautic 


Organized, 1920 


ALEXANDER KLEMIN, Chairman 


EXECUTIVE COMMITTEE 


C. H. Dotan, II, Chairman 
B. M. Woops, Vice-Chairman 
JEROME LEDERER, Secretary 

J. M. CLarkK 

R. F. Gage 

ALEXANDER KLEMIN 


Dayton Representative 
P. H. KEMMER 


GENERAL COMMITTEE 


E. A. Sperry, Chairman 


Applied Mechanics 


Organized, 1937 
J.P. Den Hartoe, Chairman 


EXECUTIVE COMMITTEE 


J.P. Den Harroe, Chairman 
H. L. Dryven, Secretary 

J. H. KEENAN 

J. ORMONDROYD 

B. M. Woops 


Associates 


R. EKSERGIAN 

J.C. HUNSAKER 

A. L. KIMBALL 

F. M. LewIs 

G. B. PegraM 

C. R. SoDERBERG 

E. O. WATERS 

H. M. WESTERGAARD 


SPONSORS 


H. L. Drypen, Fluid Mechanics 

J. A. Gorr, Thermodynamics 

G. B. Karettz, Lubrication 

A. Napal, Plasticity 

R. E. PETERSON, Strength of Materials 
E. L. THEARLE, Dynamics 

S. TIMOSHENKO, Elasticity 


JOURNAL OF APPLIED MECHANICS 


J. M. Editor 
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PROFESSIONAL DIVISIONS 


ARTICLE B6A, Par. 16: The Standing Committee on Professional Divisions shall, under the 
direction of the Council, have supervision of the Professional Divisions of the Society. 


Fuels 


Organized, 1920 
H. O. Crort, Chairman 


EXECUTIVE COMMITTEE 


H. O. Crort, Chairman (1940) 
A. R. Mumrorp, Secretary (1942) 
W. G. Curisty (1941) 

H. F. Hesiey (1943) 

A. W. THorson (1944) 


Associates 


J. B. BENNETT, 3RD 
L. C. BosLer 

O. F. CAMPBELL 

B. J. Cross 

M. D. ENGLE 

E. R. KAISER 

T. A. MArsH 

J. E. Tosey 


COOPERATION WITH A.I.M.E. 


A. W. Tuorson, Chairman 
H. F. HEBLEY 
J. E. Topey 


MODEL SMOKE LAW 


J. F. BARKLEY, Chairman 
O. F. CAMPBELL 

A. G. CHRISTIE 

W. G. CuHrRIsty 

T. A. MarsH 

T. E. 

R. A. SHERMAN 

R. R. Tucker 


PROGRAM 


A. W. THorson, Chairman 


REVIEW OF PAPERS 


H. O. Crort, Chairman 
A. R. MuMrForp 
A. W. THorson 


Graphic Arts 
Organized, 1922 


B. D. STEVENS, Chairman 


EXECUTIVE COMMITTEE 


B. D. STEVENS, Chairman 
T. E. DALton, Secretary 
A. E. GIEGENGACK 

F. W. 

W. B. LAUGHTON 

R. G. MacDoNALp 

W. M. PAssano 

B. L. Sires 

B. L. WEHMHOFF 


Associates 


G. H. CARTER 
EDWARD EPSTEAN 
W. C. 

W. C. HUEBNER 
W. R. 


W.S. PATrerson, Group Secretary 


W. S. PATrerRsoN, Group Secretary 


H. C. Horret (1943) 


W.S. Parrerson, Chairman 


F 
Ir 
O 
P 
P 


A 


E 


W. L. DEBAUFRE (1941) 
R. 
C. 


H. C. Horrer, Chairman 


B 


J. H. RuSHTON 


A 


THERMO-PHYSICAL PROPERTIES ©! 


R 


T. H. CHILTON 
J. F. Downte-SMITH 
Max JAKOB 


. L. Menson, Junior Representative 


. H. SENGSTAKEN 


Graphic Arts 
(Continued ) 
GRAPHIC ARTS FORUM 


. W. Hocn, Chairman 
. E. DALTON 
. G. MacDoNaLp 


Heat Transfer 
(Professional Group) 
Organized, 1988 


. B. Drew, Chairman 


EXECUTIVE COMMITTEE 
. B. Drew, Chairman (1942) 


. K. Scorr (1940) 
. D. Grimison (1941) 


. A. BOwMAN (1944) 


Advisory Associates 
. E. LUCKE 


COORDINATION 


Divisional Representatives 


uels, B. J. Cross 

‘on and Steel, W. TRINKS 

il and Gas Power, F. G. HECHLER 

etroleum, T. D. Tirrt 

ower, G. A. GAFFERT 

rocess Industries, A. WEISSELBERG 
Members at Large 


. M. K. Boe.ter 
. H. HEILMAN 
. L. TUve 
Liaison Officer for Local Sections 
. K. Scorr 
PAPERS 
. D. Grimson, Chairman 
A. SHERMAN (1942) 


A. BowMAN (1943) 
F. Kayan (1944) 


TESTING TECHNIQUE 


. J. Cross 


. K. Scorr 


MATERIALS 
. H. Norris, Chairman 


RAL 
|. 
I 

, 
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Hydraulic 


Organized, 1926 


Swirzer, Chairman 


EXECUTIVE COMMITTEE 


F. G. Swirzer, Chairman 

M. P. O'BRIEN, Vice-Chairman 
L. J. Hoover, Secretary 
Forrest NAGLER 

E. B. STROWGER 

J. D. SCOVILLE 


CAVITATION 


E. B. SrrowGer, Sponsor 
L. F. Moopy, Chairman 


GENERAL HYDRAULICS 
M. P. O’Brien, Sponsor 


HYDRAULIC PRIME MOVERS 


Forrest NAGLER, Sponsor 
J. FRANK Roperts, Chairman 


PUMPING MACHINERY 


F. G. Switzer, Sponsor 
R. L. Chairman 


WATER HAMMER 


Honorary Chairman, Lorenzo ALLIEVI, 


Rome, Italy 


S. LoGaN Kerr, Sponsor and Chairman 
N. R. Gipson 

EvGeNE HALMOS 

L. F. Moopy 

R. 8. Quick 

J. D. SCOVILLE 

E. B. StROWGER 


Affiliated Societies and Their Representa- 
tives: 

American Society of Civil Engineers, N. R. 
Gipson and Forp Kurtz 

American Water Works Association, F. M. 
Dawson and L. H. KEssier 


‘Associate Members, Representing: 


‘Australia, George H1Gce1ns 

Brazil, A. W. K. Brtirngs and F. Knapp 

Engineering Institute of Canada, R. W. 
ANGUS and F. M. Woop 


#rance, Louis BergeRON and CHARLES 
CAMICHEL 
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Germany and Verein deutscher Ingenieure, 
D. THoMA 
Great Britain and Institution of Mechanical 


Engineers, E. Bruce Batt and A. H. 
GIBSON 

Italy, GAUDENZIO FANTOLI and ALBINO 
PASINI 

Switzerland, CHARLES JAEGER and OQ. 
SCHNYDER 


Iron and Steel 
Organized, 1927 
W. Trinks, Chairman 
EXECUTIVE COMMITTEE 


W. TRINKS, Chairman 
M. D. Stone, Secretary 
J. A. CLAauss 

G. L. Fisk 

S. M. WEcKSTEIN 

T. H. WIcKENDEN 


Associates 


A. J. Boynton 
J. H. Hircncock 
S. M. MARSHALL 
B. C. McFappen 
J. H. ROMANN 
2. J. WEAN 

W. R. WEBSTER 


Machine Shop Practice 
Organized, 1921 
A. M. Jounson, Chairman 


COMMITTEE 


A. M. JoHNSON, Chairman 
WARNER SEELY, Secretary 
O. W. BUENTING 

Sot EINSTEIN 

ERIK OBERG 

B. G. TANG 


CUTTING METALS 


Hans Ernst, Chairman 


(See also Research Technical Committee on 
Cutting of Metals, page RI-20) 
FOUNDRY PRACTICE 

JAMES THOMSON, Chairman 
R. E. Kennepy, Secretary 
LUBRICATION ENGINEERING 


B. G. Tane, Chairman 
C. M. Larson 
H. J. Masson 


MACHINE DESIGN 


E. S. Autt, Chairman 
A. E. R. bE JONGE 
J. MARIN 


WELDING 


C. W. Opert, Chairman 


Management 
Organized, 1920 
W. H. KusHnick, Chairman 


EXECUTIVE COMMITTEE 


W. H. KusuHnick, Chairman 
G. Varea, Secretary 

J. R. Banes 

H. B. Bercen 

L. C. Morrow 


GENERAL COMMITTEE 


L. P. ALFORD 

L. A. APPLEY 
R. M. BARNES 
W. L. Batr 

C. W. BEESE 

F. B. BELL 

H. V. Coes 

K. H. Conpir 
N. E. 

R. E. FLANDERS 
W. D. FULLER 
LEE GALLOWAY 
L. M. GILBRETH 
P. E. Ho_pen 
W. F. Hosrorp 
D. S. KIMBALL 
T. S. McEwan 
D. B. Porter 
WALTER RAUTENSTRAUCH 
F. E. RAYMOND 
J. W. Roe 

D. L. Royer 

E. H. ScHELL 
E. D. 
L. W. WALLACE 
JOHN YOUNGER 


LOCAL SECTIONS REPRESENTATIVES 


Kansas City, A. H. Stuss 
Metropolitan, W. F. CARHART 
Milwaukee, B. V. E. NorpBere 
Philadelphia, C. S. Gorwa.s 

Western Washington, H. J. McIntyre 
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Materials Handling Power Process Industries 
Organized, 1920 (Continued) 
E. L. Horrtne, Chairman MECHANICAL SEPARATION 
EXECUTIVE COMMITTEE R. F. O'Mara, Chairman 


E. L. Hoprine, Chairman 


Organized, 1920 
G. E. HAGEMANN, Chairman 


EXECUTIVE COMMITTEE 


G. E, HaGeEMANN, Chairman THEODORE BAUMEISTER, JR., Secretary PAPER AWARDS AND HONORS 
F. J. SHEPARD, JR., Secretary O. F. CAMPBELL . 
C. F. Direrz G. C. Eaton C. E. Lucker, Chairman 
J. A. JACKSON G. A. GAFFERT 
M. C. MAXWELL 
R. B. RENNER PROGRAM 
Process Industries J. W. Hunter, Chairman | 
Associates | 
Nixon ELMER Organized, 1934 
R. H. McLain J. W. Hunter, Chairman PULP AND PAPER : 
F. E. Moore J. A. McPuerson, Chai 
E. D. Surrz EXECUTIVE COMMITTEE | 
J. W. Hunter, Chairman SANITATION ( 
T. R. OLIve, Secretary 
b THEODORE BAUMEISTER, JR. WILLIAM RAIscH, Chairman 
Oil and Gas Power C. E. HarrIngTon J 
R. F. O’Mara 
Organized, 1921 Wa. RAISCH SUGAR \ 
F. G. Hecuter, Chairman J. H. SENGSTAKEN 
A. F. M. Gisson, Chairman 
ARNOLD WEISSELBE E 
J. 4. YELLOTT L 
F. G. HECHLER, Chairman 
W. J. Haroest, Secretary F. L. YERZLEY B. E. SHort, Chairman . 
E. 8S. DENNISON 
W. L. H. Dorie AIR CONDITIONING VEGETABLE OILS 
C. W. Goop E 
L. H. Morrison C. F. Kayan, Chairman Roscoe Morton, Chairman c 
Associates DRYING 


Sub-Division on Rubber and 


R. D. CAMPBELL ARNOLD WEISSELBERG, Chairman 


H. E. DEGLER Plastics 
L. R. Forp 
= 5. Kase FOOD PROCESSING EXECUTIVE COMMITTEE 
BruNO NORDBERG G. L. MontcomMery, Chairman F. L. YeERZLEY, Chairman 
M. . REED J. F. D. Smiru, Secretary 
Lee SCHNEITTER L. E. Jermy 
INDUSTRIAL INSTRUMENTS AND 
A. R. WALKER REGULATORS G. M. KLINE 
EXECUTIVE COMMITTEE 
Petroleum E. 8. SmitH, Chairman Railroad 
Organized, 1925 E. 5 HAIGLER, ee Organized, 1920 
A. F. Spirzevass, Secretary 
Reorganized, 1937 GeorceE Perazicu, Chairman, Bibliography L. H. Fry, Chairman 
T. D. Tirrrt, Chairman Committee 
P. G. EXLINE, Chairman, Pressure and Tem- EXECUTIVE COMMITTEE j 
EXECUTIVE COMMITTEE perature Committee L. H. Fry, Chairman (1940) i 
J. J. GReBE, Chairman, Program Committee Seeretary i 
T. D. Tirrt, Chairman A. F. Sprrzcrass, Chairman, Quantitative 4° (1941) 
W. J. OveRTON, Staff Secretary Analysis Committee D. (1942) 
W. F. Herpert, First Vice-Chairman J. I. Yewtorr, Chairman, Terminology Com- 1943 
H. L. Eaeieston, Second Vice-Chairman mittee G. ) 
E. H. Bartow, Third Vice-Chairman M. J. Zucrow, Chairman, Translation Com- - G. Apam (1944) 4 
W. H. Carson, Fourth Vice-Chairman mittee (Continued on following page) 3 
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Railroad 


(Continued ) 
GENERAL COMMITTEE 


L. H. Fry, Chairman 
R. S. BINKERD 
B. S. CAIN 

0, C. CROMWELL 

W. E. DUNHAM 

. JONES 

. LISTER 

. LYFORD 

. NYSTROM 

JoHN ROBERTS 

R. W. 

W. C. SANDERS 

W. M. SHEEHAN 

H. C. WiILcox 
DENNISTOUN Woop 
E. G. Young 

G. A. YOUNG 


PAST-CHAIRMEN (RR3) 


JAMES PARTINGTON (1923-1924) 
H. B. OaTLEY (1926-1927) 
Wa. ELMER (1928) 

R. 8S. McCoNNELL (1929) 
A. F. StueBINe (1930) 
SUMNER (1931) 

T. C. McBripe (1932) 

L. K. Stttcox (1933) 

C. B. Peck (1934) 

C. E. BarBa (1935) 

Gro. W. RINK (1936) 

W. H. WINTERROWD (1937) 
.C. Scumipt (1938) 

C. T. Rrptey (1939) 


(RR2) 


is) 
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Textile 
Organized, 1921 
R. DeVeRE Hope, Chairman 


EXECUTIVE COMMITTEE 


R. DeEVERE Hope, Chairman 

A. D. Aspury, Vice-Chairman 

W. B. Hetnz, Secretary 

H. H. 

ALBERT PALMER 

J. D. RoBertson 

E. R. 

W. W. Starke, Metropolitan Representa- 
tive 

S. B. Ear.e, Southern Representative 


Associates 
A. W. BeNoIT 
W. S. Brown 
WINN CHASE 
M. A. GoLrIck, JR. 
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Wood Industries 


Organized, 1921 
C. B. Norris, Chairman 


EXECUTIVE COMMITTEE 
C. B. Norris, Chairman 
M. J. MacDoNaLp 
SERN MADSEN 
T. D. Perry 
R. H. McCartuy, Metropolitan Representa- 
tive 


Associates 


L. Bascock 
H. BILHUBER 
. B. CARPENTER 
P. CARTWRIGHT 

. E. Frencu 

. W. KEUFFEL 

. S. KurKJIAN 
S. MATHEWSON 
. D. May 

. D. JR. 
H. M. Sutton 
CHAS. WHITE 


SUBCOMMITTEE CHAIRMEN 


Dimensional Limits and Allowances, SERN 
MADSEN 

Machining of Wood, R. H. McCartnuy 

Use of Plywood as an Engineering Material, 
T. D. Perry 

Wood Finishing, M. J. MacDonaLp 


& 

: 

E 

i 
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ARTICLE B6A, Par. 17: 


STANDING COMMITTEE ON LOCAL SECTIONS 


H. 
J. N. LAnpbis (1942) 


J. R. Cave, Jr. (1940) 


REGIONAL GROUP DELEGATES TO ANNUAL CONFERENCES 


S. F. Duncan, Speaker for 1989 Conference, Group VII 


C. A. HeEscHELES, Group IT 
J. T. Rea, Group III 


A. R. Acueson, Speaker for 1940 Conference, Group III 


O. B. Scuter, II, Group II 
A. D. Assury, Group IV 


AKRON-CANTON 


Organized: 1920 

Territory: Counties of Richland, Ashland, 
Medina, Summit, Portage, Wayne, 
Stark, Holmes, Tuscarawas, Carroll, 
and Coshocton in Ohio 

Place of Meeting: As selected monthly 

Number of Members: 126 


EXECUTIVE COMMITTEE 


A. D. MACLACHLAN, Chairman 
A. W. SEEKINS, Vice-Chairman 
A. G. WALKER, Secretary-Treasurer 
Oscark BIESHELT 

M. R. BowERMAN 

J. W. Boyp 

V. R. Camp 

JAMES FORREST 

E. D. GEoRGE 

C. W. NELSON 

G. J. ScHoESSOW 

A. E. SHETLER 


ANTHRACITE-LEHIGH VALLEY 


1920, as Lehigh Valley; reor- 
1928, as Anthracite-Lehigh 


Organized: 
ganized, 
Valley 

Territory: Counties of Bradford, Susque- 
hanna, Wayne, Sullivan, Wyoming, 
Lackawanna, Columbia, Luzerne, Mon- 
roe, Pike, Schuylkill, Carbon, Berks, 
Lehigh, Northampton in Pennsylvania, 
and Warren in New Jersey 

Place of Meeting: One meeting annually at 
Allentown, Bethlehem, Easton, Hazle- 
ton, Pottsville, Reading, Scranton, and 
Wilkes-Barre 

Local Organization: 
of Lehigh Valley 

Number of Members: 191 


EXECUTIVE COMMITTEE 


W. STEINMEYER, Chairman 
W. Luce, Vice-Chairman 

. Peters, Vice-Chairman 
P. SAUNIER, Vice-Chairman 
C. 


The Engineers’ Club 


C 
M. MErRIcK, 3rD, Secretary 


J. 
A. 
F. 
W. 
C. 
M. Stuart, Treasurer 


EGGLESTON (1941) 
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LOCAL SECTIONS 


A. J. Kerr, Chairman (1940) 
J. P. Ferris (1943) 


F. W. Marquis (1944) 


Junior Advisers 
S. Davipson (1941) 


Terms expire October, 1940 


R. A. SPENCE, Secretary, Group I 


R. E. Turner, Group VI 


Terms expire October, 1941 


G. R. Truepsson, Secretary, Group I 


W. D. Turpin, Group VII 


G. W. FARNHAM 
W. W. HAGERTY 
R. E. Moyer, Jr. 
E. A. SCHMIDT 
W. T. 
W. TALLGREN 

R. L. WILLIS 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from At- 
lanta, Ga. 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 
p.m. at Atlanta Athletic Club 

Number of Members: 85 


EXECUTIVE COM MITTEE 


M. F. Chairman 

F. C. Smiru, Vice-Chairman 

J. M. RirreLMeYER, Secretary-Treasurer 
R. N. BENJAMIN 

E. A. HARPER 

R. S. Howey 

A. H. Kocu 

R. J. Woppai, Student Chairman 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Bal- 
timore, Md. 

Place of Meeting: Engineers Club of Bal- 
timore 

Luncheon meeting every Wednesday at 
12:00 noon at Engineers Club 

Number of Members: 189 


EXECUTIVE COMMITTEE 


L. F. Corrin, Chairman 
S. B. Sexton, 3rp, Secretary-Treasurer 
W. D. Boynton 


The Standing Committee on Local Sections shall, under the 
direction of the Council, have supervision of the Local Sections of the Society. 


N. C. Esaueu, Group IV 
C. J. Freunp, Group V 


H. M. Gano, Group V 
Frev H. Dorner, Group VI 


C. R. 
R. C. DANNETTEL 
A. M. Gompr 
K. P. Hanson 
W. P. 4 
G. W. KEEN : 
S. M. WHITELEY 


] 
( 
I 
JUNIOR Group i 
J 


W. D. Boynton, Chairman 
W. P. Hitt, Vice-Chairman 
F. S. Knase, Secretary J 
F. C. Coox 

C. F. Hi~peENBRAND 

P. T. MANGER 

T. W. MELE C 


BIRMINGHAM 


Organized: 1915 4 
Territory: Radius of sixty miles from 3: go 

mingham, Ala. A 
Place of Meeting: Tutwiler Hotel 


Number of Members: 90 P) 

Lc 

EXECUTIVE COMMITTEE R 

R. A. Chairman 

H. 8. Kent, Vice-Chairman 

C. F. von HerrMAN, JR., Secretary-T 7 

surer WwW 

J. E. Getzen E. 

W. Joe Moore W. 

4 iC 


BOSTON 


Organized: 1909 
Territory: Radius of thirty miles from» 

ton, Mass. 
Place of Meeting: Mass. Inst. of Techno! 
Local Organization: Engineering Socle® 

of New England 
Number of Members: 


Or; 
Ter 


559 


: 


; from B: 


retary-T 


es from 


BOSTON 
(Continued) 


EXecuTIve COMMITTEE 


EpgAR MACNAUGHTON, Chairman 
Kerk ATKINSON, Vice-Chairman 
R. A. SPENCE, Secretary-Treasurer 
. BROWN 

. SAURWEIN 

’. ZELLER 


JuNIoR Group 


E. I. Bower, Chairman 

R. N. Vice-Chairman 

Rk. A. Spence, Secretary-Treasurer 
F. Ropert HARTIN 

F. M. MAGer 

ANTON SALECKER 

A. A. SHAMES 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923 

Territory: 

Place of Meeting: 


Fairfield County, Conn. 
Stratfield Hotel 


Local Organization: Engineers’ Club of 
Bridgeport 
Number of Members: 121] 


EXECUTIVE COM MITTEE 


H. Beepe, Chairman 


C. N. HOAGLAND, Vice-Chairman 


_W.H. Snirren, Secretary 


A. W. HAGAN, Treasurer 


Rupotr Beck 


AL 
P. 

R. C. 
J. 


Buss 

HARRIS 

Moopy 
RICHMOND 
SKINNER 
STEER 

VAN YorX, JR. 


J. D. 
D. E. 
J. H. 


Group 


. Buss, Chairman 
. CHELGREN, Vice-Chairman 


quae“ 


D. E. Steer, Secretary-Treasurer 
BUFFALO 
Organized: 1915 


Territory: Radius of thirty miles from 
Buffalo, N.Y. 

Place of Meeting: 
ware Ave. 

Local Organization: Engineering Society of 
Buffalo 


University Club, Dele- 


Number of Members: 191 


EXECUTIVE COMMITTEE 


W. M. KaurrMann, Acting Chairman 


E. J. Werrzman, Acting Vice-Chairman 


W. A. MILLer, Secretary 
BC. E. HARRINGTON, Treasurer 


PauL DuposcLaRD 


G. Rose 


J. L. Yares, Adviser for Juniors 


ing Socie# 


Blerritory: 


CENTRAL ILLINOIS 
Organized: 1937 


ry: <All the territory in Central 
Illinois between the following counties 
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on the northern boundary: Bureau, 
LaSalle, Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Edgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 94 


EXECUTIVE COMMITTEE 


E. D. Epwarps, Chairman 

O. A. LEUTWILER, Vice-Chairman 
. Meyer, Vice-Chairman 

. Vice-Chairman 

R. T. Mees, Secretary-Treasurer 


L. E. JOHNSON, Assistant Secretary 
JuNIon Group 
L. E. Jounson, Chairman 


CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 

Place of Meeting: Place varies 

Local Organization: Indiana Engineering 
Society 


Number of Members: 123 


EXECUTIVE COMMITTEE 


HANS SKABO, Chairman 

J. A. Drogue, Vice-Chairman 
W. J. Cope, Secretary-Treasurer 
E. A. GRIMMER 

C. M. Gross 

RONALD UPDIKE 

CARL WISCHMEYER 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and Al- 
toona, Pa. 


Number of Members: 85 


EXECUTIVE COMMITTEE 


STEWART, Chairman 

J P. HuMMEL, Secretary-Treasurer 
Cc. ALLEN 

W. D. GARMAN 

G. L. GUILLET 


F. C. 
L. 


CHARLOTTE 


Organized: Asa Branch, 1923; as a Section, 
1927 

Territory: Radius of seventy-five miles 
from Charlotte, N.C. 

Luncheon Meeting every Monday at 1:00 
p.m. at Efirds Department Store Dining 
Room 

Local Organization: 
Club 

Number of Members: 


Charlotte Engineers 
37 


EXECUTIVE COMMITTEE 


W. W. Leroy, Chairman 
R. P. Reece, 1st Vice-Chairman 
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M. D. THOMASON, 2nd Vice-Chairman 
A. W. Dunsar, 38rd Vice-Chairman 
J. S. Bass, Jr., Secretary-Treasurer 
A. W. BoLLENBACK 

T. C. Heywarp 

ASA HOSMER 

W. E. McDoweELi 

T. O. SILLs 


CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles from Chi- 
cago, Ill. 

Headquarters: Mid-West A.S.M.E. Office, 
Room 1617, 205 West Wacker Drive, 
Chicago, 

Place of Meeting: Civic Opera Bldg., 20 N. 

Wacker Dr. 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Chicago Engineers’ Club 

Local Organization: Western Society of En- 
gineers 


Number of Members: 784 


EXECUTIVE COMMITTEE 


L. M. Chairman 

H. M. Biack, Vice-Chairman 
F. C. Everitt, Vice-Chairman 
H. F. Hesiey, Vice-Chairman 
D. Roescu, Vice-Chairman 
F. B. Orr, Seeretary-Treasurer 
C. C. AUSTIN 

A. D. BAILEY 

C. L. CHARLES 

W. E. DUNHAM 

J. A. FOLse 

A. H. JENS 

J.S. KozacKa 


. MARSHALL 
. McEwan 

. MICHEL 

H. L. NACHMAN 
C. W. Parsons 
H. S. PHILBRICK 
J. G. Rew 

C. Roperts 

M. W. SHERWOOD 
B. D. STEVENS 
R. E. TURNER 
C. L. Wacus 


J 
J. 

J 


JUNIOR GROUP 


R. Krause, Co-Chairman 
J. C. MARSHALL, Co-Chairman 


CINCINNATI 


Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Engineers’ Club Rooms, 
Ninth & Race Sts. 

Local Organization: Engineers’ Club of Cin- 
cinnati 


Number of Members: 185 


EXECUTIVE COMMITTEE 


E. H. Scuusert, Chairman 

C. E. Somogyi, Vice-Chairman 

J. W. Buntinea, Secretary-Treasurer 
H. B. BRanpt 

D. S. Brown 


| 
F. H. I 
‘ 
| 
| 
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CINCINNATI 


(Continued) 


. BRucK 

. MARTIN 

. NENNINGER 
. SAUERBRUNN 
. SPIEHLER 

. THOMPSON 


> 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga 
Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Case Club or Cleveland 
Engineering Society Rooms 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 248 


EXECUTIVE COMMITTEE 


B. Carson, Chairman 
L. LINDSETH, Vice-Chairman 
R. McCarruy, Secretary 
A. Barnes, T'reasurer 
B. EINn1G 

B. HEAVILON 

M. Main 

A. SCHWARTZ 

D. K. Wrigut 


G. 
E. 
E. 
F. 
A. 
E. 
J. 
H. 


JUNIOR GROUP 


R. E. Erickson, Chairman 
W. A. Lynam, Secretary-Treasurer 
J. O. GEISSBUHLER 


COLORADO 
Organized: 1919 
Territory: Entire State of Colorado 


Place of Meeting: Parisienne Rotisserie 
Inn, Denver, Colo. 

Local Organization: Colorado Engineering 
Council (Colorado Society of Engi- 
neers) 

Number of Members: 77 


EXECUTIVE COMMITTEE 


L. Chairman 

F. TuHrone, Secretary-Treasurer 
E. 
D. 


Q 
= 
= 
= 


A. 
R. 
C. 
L. 
F. 
G 
S. L. " SIMMERING 
J. TAYLER STRATE 


COLUMBUS 


Organized: 1926 

Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 
Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University 

Local Organization: Engineers’ Club of Co- 
lumbus 

Luncheon Meeting third Friday of each 
month at 12:00 noon at Engineers’ Club, 
Columbus 

Number of Members: 76 


EXECUTIVE COMMITTEE 


R. N. Tucker, Chairman 
E. M. Sampson, Vice-Chairman 
R. C. Cross, Secretary-Treasurer 


A.S.M.E. SOCIETY RECORDS, PART 1 


H. N. Booker 

A. Il. Brown 

H. R. LIMBACHER 
C. P. Roperts 

W. A. WELCKER, JR. 


DAYTON 


Organized: 1926 

Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 
Greene, and northern part of Butler 
and Warren in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: Club of 
Dayton 

Number of Members: 82 


Engineers’ 


EXECUTIVE COMMITTEE 


P. H. KemMer, Chairman 

A. R. Weber, Vice-Chairman 

(Miss) M. GarpNer, Secretary 
B. W. TREADWELL, Treasurer 

C. L. BAUER 

H. M. Gano 

R. W. Martin 

T. F. Rararczak 

W. E. Sooy 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from De- 
troit, Mich. 

Place of Meeting: Place varies 

Local Organization: Engineering Society of 
Detroit 

Number of Members: 456 


EXECUTIVE COMMITTEE 


B. W. Beyer, JR., Chairman 
Tom Jerrorps, Secretary-Treasurer 
E. J. ABBOTT 

J. A. CARLIN 

M. L. Fox 

J. F. JARNAGIN 

J. B. MACAULEY 

D. E. McGuire 

JESSE ORMONDROYD 

J. P. SCHECHTER 

A. M. SELVEY 

M. W. BENJAMIN, Ex-Officio 


JUNIOR Group 


GEORGE SCRANTON, Chairman 
CLARENCE GREEN, Secretary 
B. W. LANE 


EAST TENNESSEE 


Organized: 1922 

Territory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon 
Chattooga in Georgia 

Place of Meeting: Place varies 

Local Organization: Chattanooga Engi- 
neers Club and Knoxville Technical 
Club 

Luncheon Meeting every Monday noon at 
Chattanooga Engineers Club 

Number of Members: 94 


EXECUTIVE COMMITTEE 


W. R. CHAMBERS, Chairman 

T. C. ERvIn, 1st Vice-Chairman 
Davip SHEARER, 2nd Vice-Chairman 
R. B. Taywor, 3rd Vice-Chairman 

. M. Tucker, Secretary 

E. CAMPBELL 

. E. Ferris 

. M. JoHNSON 

Torok 

. WELLS 


PES 


ERIE 


Organized: 1917 

Territory: Radius of thirty miles from 
Erie, Pa. 

Place of Meeting: Auditorium of Pennsyi- 
vania Telephone Company 

Number of Members: 75 


EXecuTIvVE COMMITTEE 


T. OERGEL, Chairman 

. F. Linpe, Vice-Chairman 
R. R. Bunt, Secretary 

E. E. IMs, Treasurer 

G. W. Bacu 

E. H. HorstKorre 

W. L. HuNTER 

Mc-’. S. Reep 

R. W. Rogers 


FLORIDA 
Organized: 1925 
Territory: State of Florida 


Place of Meeting: Various Cities in State 

Local Organization: Florida Engineering 
Society, Gainesville, Fla. 

Number of Members: 74 


EXECUTIVE COM MITTEE 


N. C. EpauGu, Chairman 

J. H. Clouse, 1st Vice-Chairman 

M. H. C. BromBacuer, 2nd Vice-Chairman 
V. C. CoucHMAN, Secretary-Treasurer 

W. E. Drew 

A. B. HALE 

W. A. STANSFIELD 

C. H. Stanton, Student Branch Chairman 


FORT WAYNE 


Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wa 
bash, Huntington, Wells, Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing, Van Wert and Mercer in Ohio 

Local Organization: Fort Wayne Eng! 
neers’ Society 

Number of Members: 27 


EXECUTIVE COMMITTEE 


. T. Bourke, Chairman 

. L. Knaus, Vice-Chairman 
.T. McINErRNEY, Secretary 
. L. Ruorr, Treasurer 

. H. Powers 

. 8. RicHHART 
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GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and 
neighboring and closely related com- 
munities of Claremont and Hanover, 
N.H 

Place of Meeting: Springfield, Windsor, 
Vt., and Claremont, N.H. 

Local Organization: Vermont Engineering 
Society 

Number of Members: 39 


EXECUTIVE COM MITTEE 
M. H. Arms, Chairman 
Fersine, Secretary-Treasurer 
P. H. ADAMS 
C. J. DEWELL 
DovucLas HAMILTON 
J. B. JOHNSON 
E. L. SuSSDORFF 


JuNIoR Group 


E. L. Sussporer, Chairman 


GREENVILLE 
Organized: As a Branch, 1923; as a Sec- 
tion, 1927 
Territory: Radius of sixty miles from 


Greenville, S.C. 

Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C., Canton, 
Asheville, and Enka, N.C. 

Number of Members: 40 


EXECUTIVE COMMITTEE 


A. D. Aspury, Chairman 

R. B. FULLER, Vice-Chairman 
J. H. Sams, Secretary-Treasurer 
B. E. FerNow 


P 
. E. WALDREP 


HARTFORD 


Organized: 1917, as Branch of Conn. Sec- 
tion; reorganized, 1923 

Territory: Hartford County except that 
portion served by Meriden and New 
Britain Sections 

Place of Meeting: Hartford Electric Light 
Company 

Number of Members: 115 


EXECUTIVE COM MITTEE 


D. K. Morgan, Chairman 
H. Burpick, Vice-Chairman 
R. D. Ketter, Secretary 

8. A. BRANDENBURG 

R. F. Dow 

. P. Herrick 

O. HoaGLanp 


“ELLER 

R. Truepsson 
. VAN ZELM 
. Warp, Jr. 
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INLAND EMPIRE 
Organized: 1921 
erritory: East of Columbia River in State 
of Washington, and Counties of Oka- 


hogan and Benton, and part of North- 
ern Idaho 
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Place of Meeting: 
kane 

Luncheons Wednesdays at 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Number of Members: 26 


Davenport Hotel, Spo- 


12:00 noon, 


EXECUTIVE COMMITTEE 


E. B. Parker, Chairman 

ALEX. LINDSAY, Vice-Chairman 

A. R. Karsten, Secretary-Treasurer 
H. F. Gauss 

D. R. Gray 

H. H. LAncpon 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Willard Straight Hall, 
Cornell Campus, Ithaca, N.Y. 

Number of Members: 85 


EXECUTIVE COMMITTEE 


W. M. Sawpon, Chairman 

L. C. Vice-Chairman 

F. S. ErpMan, Secretary-Treasurer 
R. E. KInsMAN 

F. G. Switzer 

M. P. WHITNEY 

N. R. WicKERSHAM 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 

Local Organization: Engineers’ Club of 
Kansas City 

Number of Members: 135 


EXECUTIVE COMMITTEE 


E. D. Hay, Chairman 

H. L. Crain, Vice-Chairman 
E. M. Bruzetus, Secretary 
J. R. Stone, Treasurer 

C. E. Brown 

CHESTER COTTER 

M. A. DuRLAND 

H. E. MANUEL 

W. B. 

H. A. SmirH 

R. V. SuTHERLAND 


JUNIOR GROUP 


H. E. MANvAL, Chairman 

G. G. BRAUNINGER, Secretary-Treasurer 
E. M. 

R. F. GuLore 

R. P. HAHN 


LOS ANGELES 


Organized: 1915 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 


RI-13 


Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 
Number of Members: 454 


EXECUTIVE COMMITTEE 


J. Roy HorrMan, Chairman 
C. H. Smirn, Vice-Chairman 
). K. Springer, Secretary-Treasurer 
P. L. ARMSTRONG 
J.C. Brown 
Ss 


D. S. CLARK 
B. E. Det Mar 
S. F. DuNcAN 


A. HOLLANDER 
Scorr JENSEN 
J. A. WHITAKER 


JUNIOR Group 


B. E. Det Mar, Chairman 
O. R. BroBere 
R. W. Jones 


LOUISVILLE 
Organized: 1922 
Territory: Radius of thirty miles from 


Louisville, Ky. 

Place of Meeting: Engineers and Architects 
Club of Louisville 

Local Organization: Engineers and Archi- 
tects Club 

Number of Members: 50 


EXECUTIVE COMMITTEE 


Ray HASELBERGER, Chairman 
M. Sack, Vice-Chairman 

L. L. Amipon, Secretary 
W. L. Lucas, Treasurer 

H. H. Fenwick 

J. K. MEYER 

J. A. RaBucK 

J. H. RoMANN 


MEMPHIS 
Organized: 1923 
Territory: Radius of sixty miles from 


Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
city of Little Rock 

Number of Members: 20 


EXECUTIVE COMMITTEE 


M. D. Rust, Chairman 

W. J. FRANSIOLI, JR., Vice-Chairman 

R. B. H. SHEPHERD, Secretary-Treasurer 
T. H. ALLEN 

C. M. McCorp 

W. H. Roperts 


METROPOLITAN 
Organized: 1910 
Territory: Metropolitan District, New 


York and New Jersey 

Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
York, N.Y. 

Number of Members: 3316 


EXECUTIVE COMMITTEE 


T. B. ALLARDICE, Chairman 
E. H.. Secretary 
E. J. BILLines, Treasurer 
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Wa. 
d- 
ul 
sng! 


RI-14 


METROPOLITAN 
(Continued) 


F. D. Carvin, Chairman of Program Com- 


mittee 
W. G. BLAKE 
P. E. FRANK 


W. McC. McKee 
A. R. MuMForD 
O. B. Scuter, II 
J. M. Ex-Officio 


JUNIOR GROUP 


Sam SHoor, Chairman 

C. K. Vice-Chairman 
A. E. Buirer, Secretary 
SIDNEY DAVIDSON 

H. B. Ferna.p, JR. 

W. W. LAWRENCE 

H. G. JR. 

R. F. WARNER, JR. 


MID-CONTINENT 


Organized: 1919 

Territory: Entire state of Oklahoma; terri- 
tory in Arkansas not included in Mem- 
phis Section; part of Louisiana; and 
territory in Texas north of the southern 
boundaries of the counties of Gaines, 
Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 


Usually Mayo Hotel, 


Tulsa, Mondays at 12:00 noon 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 142 


EXECUTIVE COMMITTEE 


H. R. AUERSWALD, Chairman 

A. G. BLANCHARD, Vice-Chairman 
L. C. Price, Vice-Chairman 

G. RayMOND, Vice-Chairman 
Henry SCHAEFER, Vice-Chairman 
Max WISE, Secretary 

HERMAN WIENECEE, Treasurer 
E. E. AMBROSIUS 

R. G. AYERS 

E. C. BAKER 

W. L. DuCKER 

W. G. HELTZEL 

D. K. HurcHcRAFT 

A. J. Kerr 

H. T. Sears 

FRANK STIVERS 


MILWAUKEE 


Organized: 1909 

Territory: Radius of fifty miles from Mil- 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 

’ Wednesday at Wisconsin Club 

“Number of Members: 208 


EXECUTIVE COM MITTEE 
B. V. E. NorpserG, Chairman 
A. W. Linpstrom, Secretary-Treasurer 
W. D. 
H. DAHLSTRAND 
F 
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JUNIOR GROUP 


G. V. MINIBERGER, Chairman 
R. H. Miter, Secretary 
GEORGE FRATCHER 

RusseLL HAHN 

C. A. PoraH., JR. 

W. T. SAVELAND, JR. 

Rosert STRASSMAN 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ. 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 118 


EXECUTIVE COM MITTEE 


. A. Powel, Chairman 

F. SHoop, Vice-Chairman 

G. Srraus, Secretary-Treasurer 
J. STERNAL 

J. C. VANSELOW 


NEBRASKA 


Organized: 1922 

Territory: State of Nebraska, and Council 
Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Club of Lin- 
coln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Mon- 
day Evening at Lincoln 

Number of Members: 38 


EXECUTIVE COMMITTEE 


N. H. BernarbD, Chairman 

A. A. Luess, Vice-Chairman 

G. A. Rogers, Secretary-Treasurer 
J. W. BURNETT 

J. H. CoLtson 

J. L. WHITE 


NEW BRITAIN 


Organized: 1921, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923 

Territory: New Britain, Plainville, Forest- 
ville, Bristol, Kensington, and Berlin, 
Conn. 

Place of Meeting: Auditorium of the State 
Trade School 

Number of Members: 39 


EXECUTIVE COMMITTEE 


B. S. Lewis, Chairman 

C. N. Fiace, Vice-Chairman 

H. MICHELSEN, Secretary-Treasurer 
P 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Number of Members: 88 


and 


EXECUTIVE COMMITTEE 


R. A. Nortu, Chairman 

L. H. Von OHLSEN, Secretary-Treasurer 
W. F. THOMPSON 

A. L. BRECKENRIDGE 

I. T. Hook 

W. L. TANN 

F. J. CocHran 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: 
Hotel 

Local Organization: 
Society 

Number of Members: 98 


Room 422, St. Charles 


Louisiana Engineering 


EXecuTiIve COM MITTEE 
K. P. KAMMER, Chairman 
L. J. LASSALLE, Vice-Chairman 
G. R. HAMMETT, NSecretary-Treasurer 
C. A. BENDER 
L. J. CUCULLU 
J. S. Huey 
J. K. MAYER 


JUNIOR GRouP 


J. K. Mayer, Chairman 
WALDEMAR NELSON, Vice-Chairman 
R. B. James, Secretary 

E. A. MCLELLAN, Treasurer 

J. R. ROMBACH, JR. 

HENRY VOELKEL 


NORTH TEXAS 


Organized: 1922 

Territory: Radius of one hundred and 
twenty-five miles from Dallas, in Texas 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 

Local Organization: Technical 
Dallas 

Number of Members: 93 


Club of 


EXECUTIVE COMMITTEE 


N. G. Harpy, Chairman 

C. A. Cow.es, Jr., Vice-Chairman 
F. C. Justice, Secretary-Treasurer 
LEONARD COLE 

C. L. Kriss, Jr. 

R. M. Matson 

W. B. Grecory, 


JUNIoR Group 
J. K. Cuarrey, Chairman 


NORWICH 


Organized: 1930 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut. and 
Westerly District in Rhode Island 
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NORWICH 
(Continued ) 


Place of Meeting: Arcanum Club, 150 Main 
St., Norwich 
Number of Members: 39 


EXECUTIVE COMMITTEE 
E. 8S. DENNISON, Chairman 
A. D. ANDRIOLA, Secretary-Treasurer 
W. E. 
F. S. ENGLISH 
H. LeunRS 
A. E. WeLcu 
Wosak 


ONTARIO 
Organized: 1917 
Territory: Province of Ontario, Canada 
Place of Meeting: Hart House, University 
of Toronto 
Number of Members: 161 


Executive CoM MITTEE 
8. G. CLARKE, Chairman 
. Secretary-Treasurer 
. ANDERSON 
BALL 
. BLUE 
. CORNISH 
. Davis 
.G. East 
R. B. ELLiotr 
W. G. McIntosH 
W. E. MICKLETHWAITE 
R. L. RUDE 


= 
Oe 
~ 


JUNIOR GRouP 


F. G. East, Chairman 


OREGON 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 

Number of Members: 56 


EXECUTIVE COMMITTEE 


E. N. Bates, Chairman 

R. B. Rowan, Vice-Chairman 
A. A. Ostpovicn, Secretary 
P. L. Hestop 

J.C. Ornvs 

Tom Perry 


JUNIOR GROUP 


H. Jounson, Chairman 
W. E. Carson, Vice-Chairman 
R. R. Srernxe, Secretary-Treasurer 


PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, 
Clare, Isabella, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

luncheon Meeting Fifth Thursday noon 

each month 
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Local Organization: 
Grand Rapids 
Number of Members: 55 


Engineers’ Club of Place of Meeting: Elizabeth Carteret 
Hotel, Elizabeth, and Plainfield Ma- 
sonic Temple, Plainfield 

Local Organization: _ Plainfield Engineers 

Buncurwve Club, Singer Engineering Society 


Number of Members: 192 
C. A. HAMILTON, Chairman 


R. E. Kutse, Secretary-Treasurer 


E. E. NoRMAN . V. Waters, Chairman 
B. E. Porter . E. Leavirt, Jr., Vice-Chairman 
C. Spencer, JR., Secretary 
G. Hotmsere, Jr., Treasurer 
PHILADELPHIA 8. AUSTIN 
C. FROLANDER 
Organized: 1912 JOHN Haypock 
Territory: Counties of Bucks, Montgomery, JosepH Kerr 
Chester, Philadelphia, Delaware, Pa., 
and the State of Delaware 
Place of Meeting: Philadelphia Engineers’ z 
Club, 1317 Spruce Street, Philadelphia, PROVIDENCE 


Pa. } Organized: 1920 
Local Organization: Philadelphia Engi- Territory: Radius of thirty miles from 
neers’ Club 


Providence, R.I. 
Luncheon Meeting every Thursday noon at place of Meeting: Providence Engineering 
12:30 p-m. at Philadelphia Engineers’ Society Building, 195 Angell St., Provi- 
Club dence, R.I. 
Number of Members: 849 Local Organization: Providence Engineer- 
ing Society 


EXECUTIVE COMMITTEE Number of Members: 156 
E. L. Hopprne, Chairman 
L. P. Hynes, Vice-Chairman EXECUTIVE COMMITTEE 
J. S. Morenovuse, Secretary-Treasurer H. S. Sizer, Chairman 
C. S. GorwaLs A. W. CALper, JR., Vice-Chairman 
L. N. GULICK R. M. Scort, Secretary-Treasurer 
C. C. Jones F. S. Jr. 
J. D. ELpert 
Junior Group J. E. ENGLUND 
E. W. FreeMAN 
J. P. CLarK, Chairman N. D. MacLeop 
T. M. Pomeroy, Jr., Vice-Chairman S. A. VAULE 
J. D. Peterson. Secretary R. L. WaLEs 
G. K. FisHer, Treasurer 
E. W. Griscom 
R. K. KNIPE 
W. B. PEGRAM RALEIGH 


Z. T. WoBeNSMITH, 2ND Organized: As a Branch, 1923; as a Sec- 


tion, 1927 
Territory: Radius of sixty miles from 
PITTSBURGH Raleigh, N.C. 
Organized: 1920 Place of Meeting: N.C. State College, 
Territory: Counties bounded by and includ- Raleigh, N.C. ? : 
ing Beaver. Butler, Venango, Forest, Local Organization: N.C. Engineering 
Jefferson, Indiana, Somerset, Fayette, 7 Council, Raleigh Engineers Club 
Greene, and Washington, Pa. Number of Members: 36 


Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn EXeEcurTiveE CoM MITTEE 
Hotel 

S. Wiisur, Chairman 

. E. KercHNer, Vice-Chairman 

C. N. Sanrorb, Secretary-Treasurer 

F. F. GrosecLose 

E. G. Hoerer 

F. J. REep 


Local Organization: Engineers’ Society of R. 
Western Pennsylvania C 
Number of Members: 424 


EXECUTIVE COMMITTEE 


W. D. CANAN, Chairman 
M. R. McConnet, Secretary 


K. F. Trescuow, Treasurer ROCHESTER 
Organized: 1919 
T. E. Pou, Territory: Radius of thirty miles from 


Rochester, N.Y. 
Place of Meeting: Rochester Engineering 


Society Rooms, Sagamore Hotel 
eatin Local Organization: Rochester Engineering 
Organized: 1921 Society, Sagamore Hotel 
Territory: Plainfield and territory included Luncheon Meeting every Tuesday at 12:15 
between Elizabeth, Bound Brook, p.m. at Sagamore Hotel 


Metuchen, and Watchung, N.J. Number of Members: 108 
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ROCHESTER Luncheon Meetings, Tuesdays, California EXECUTIVE COMMITTEE 
Hotel, Oakland; Thursdays, Engi . 
(Continued) Club, nursdays, Engineers J. J. KiNG, Chairman 
EXECUTIVE COMMITTEE Local Organization: San Francisco Engi- C. W. CrawrorD, Vice-Chairman : 
lab H. F. Mouuer, Secretary-Treasurer N. 
J. H. Snyper, Chairman € Members: 385 ALLEN C. 
I. S. BrapLey, Vice-Chairman D. D. ALTON J. 
I. G. McCuesney, Secretary-Treasurer J. W. Bererra CA 
J. W. Gaver Executive CoM MITTEE A. H. Burr Jo: 
K. H. HupBarp H. E. DEGLER H. 
H. Rarrr, Chairman JoHN Dogcerr, Jr. R. 
P. B. Wesson V. F. Esrcourt, Vice-Chairman H. G. HIeBELER D. 
H. B. LANGILLeE, Secretary-Treasurer F. M. LEVERET?T W. 
WARREN Dose, Corresponding Secretary J. S. NeETHERWOOD H. 
ROCK RIVER VALLEY K, B. ANDERSON C. L. Orr H. 
. W. Harry ARCHER E 
Organized: 1926 ; H. T. Avery L | 
Territory: Radius of thirty miles from Prass 
Rockford, Ill., plus members in Madi- N. SUSQUEHANNA 
son, Wis. : Organized: 1927 
Meeting Place: Place varies at 
Local Organization: Rockford Engineering Junior Group — Dau- 
p zebanon, Adams, York, and Lan- 
GALE SULLIVAN, airman caster el 
Number of Members: 61 W. M. Brasuear, Secretary aia” of Meeting: Engineering Society of 
Bert Hirscu ‘ork, and at Lancaster Twice a Year Pla 
Executive COMMITTEE J. W. R. Lemery Local Organization: Engineering Society of 
Bert TRUETT York and Engineers’ Society of Pennsyl- Lun 
J. E. Zorn vania, Harrisburg, Pa. 
‘Wasen Secretary Number of Members: 79 Nun 
B. G. ELiorr 
R. C.’GLAZEBROOK SAVANNAH EXECUTIVE COMMITTEE 
C. Kraus, Junior Member Organized: 1923 E. BELINE, ( hairman a. 
Territory: Radius of 125 miles from Savan- E. Weer, Vice-Chairman H. 
nah in Georgia E. r. P. NEUBAUER, Secretary C. A 
ST. JOSEPH VALLEY Place of Meeting: Savannah Hotel KE. E, Avenennaucn P.E 
Local Organization: Engineers’ Council of K. Brepa 
Savannah Chamber of Commerce M. G. Lerson 
Territory: Counties of La Porte, Starke, of H. B. 
Pulaski, St. Joseph, Marshall, Fulton, ~ W. Noyes 
Elkhart, and Kosciusko in Indiana, and GERALD SMITH 
Cass and Berrien Counties in Michigan EXECUTIVE COMMITTEE S. P. SoLine 
Place of Meeting: Morningside Hotel, South _ Ores 
Bend, Ind. A. P. KEISKER, Chairman Tor 
Local Organization: St. Joseph Valley En- W. R. Brown, Secretary _ ‘TTR “2 
gineers’ Club ALEX. M. ORMOND SYRACUSE _ 
Number of Members: 36 Louis RoEsEL Organized: 1920 Local 
Bruce Sams Territory: Radius of thirty miles from 1 
EXECUTIVE COMMITTEE Syracuse, N.Y. Numl 
: Place of meeting: Ball Room of the Onon- 
C. C. Wicox, Chairman SCHENECTADY daga Hotel. 
C. R. ADAMS, Vice-Chairman : Local Organization: The Technology Club 
K. W. Knorr, Secretary-Treasurer Organized: As a Branch, 1919; as a Section, of H.M 
1927 
— Territory: Radius of thirty miles from Number of Members: 61 by - 
Schenectady, N.Y. 
Organized: 1909 Place of Meeting: Rice Hall Executive CoMMITTEE 
Territory: Radius of thirty miles from St. Number of Members: 172 Morris F. WiLi1AMs, Chairman 
Louis, Mo. ‘ R. C. Pau, Vice-Chairman 
Place of Meeting: Place Executive CoM MITTEE E. Keiru RHODES, Secretary-Treasure r 
Local Organization: Engineers’ Club of St. H. B. Cratc 
Louis A. L. Ruiz, Chairman C. F. Drerz Organ 
Number of Members: 208 S. L. JAMESON, Vice-Chairman E. A. FaAILMeEzGER Territ 
E. E. Parker, Vice-Chairman W. F. Jones Place 
Executive CoMMITTEE A. R. STEVENSON, JR., Vice-Chairman C 
Chei R. H. Norris, Secretary P, 
. DICKEY, Chairman CarL ScHasracu, 7’ L 
ALBERT VIGNE, Vice-Chairman J. L. FLETCHER TOLEDO 
Cc. B. BRISCOE, Secretary-Treasurer H. M. Orro Organized: 1920 Numb. 
C. J. CoLLey O. L. Woop, Jr. Territory: Radius of thirty miles from 
A. L. HEINTZE ‘ 
Toledo, Ohio 
R. W. MERKLE Place of Meeting: University Club, To 
SOUTH TEXAS ledo, Ohio 
SAN FRANCISCO ; Local Organization: Affiliated Technical G.C, } 
Organized: 1919 Societies of Toledo 
Organized: 1910 Territory: South Texas and the northern Number of Members: 62 F. §. 
Territory: All territory north of the north- part of the State not included in the E. B. 
ern boundaries of the counties of San North Texas Section territory 7a ee D. F 
Luis Obispo, Kern, and San Bernardino Place of Meeting: Electric Bldg., Houston, Exncurive L. R. 
Place of Meeting: Engineers’ Club, 206 s Tex. R. F. Huu, Chairman D.G. 
Sansome St. Number of Members: 171 H. O. Kranicnu, Vice-Chairman W. BE. 


coated 
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TOLEDO 


(Continued ) 


N. R. Oner, Secretary-Treasurer 
Cc. A. ALEXANDER 
J. W. DEAN 

CARL FRAUTSCHI 
JouN GILLETT 

H. E. HApPeL 

R. J. MuGror 

D. M. PALMER 
W. SCHROEDER 

H. R. 
H. H. 

E. W. WEAVER 

I. F. ZAROBSKY 


TRI-CITIES 
Organized: 1920 
Territory: Radius of 
Moline, Ill. 
Place of Meeting: Rock Island, Ill., Moline, 
Ill., and Davenport, Iowa 
Luncheon Meeting every Wednesday, Daven- 
port Hotel, 12:00 noon 
Number of Members: 61 


thirty miles from 


EXECUTIVE COM MITTEE 


R. A. Cross, Chairman 

H. A. KLEINMAN, Vice-Chairman 
C. A. CARLSON, Secretary-Treasurer 
P. E. ANDERSON 

R. M. BARNES 

J. M. HARTMAN 


UTAH 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt 
Lake City 

Local Organization: 
neers 


Number of Members: 40 


Utah Society of Engi- 


EXecuTIvE CoM MITTEE 
H. M. Fereuson, Chairman 
W. D. Turprn, Vice-Chairman 
G. M. Jones, Secretary 
R. D. BAKER 
W. H. Trask, Jr. 


VIRGINIA 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Richmond, 
Charlottesville, Roanoke, 
Petersburg 

Local Organization: Central Virginia Engi- 

_ neers Club 

Number of Members: 142 


Norfolk, 
University, 


EXECUTIVE COMMITTEE 


G. L. Bascomr, Chairman 
G. €. MoLLEson, Vice-Chairman 
J. B. Jones, Secretary 
F. 8. Roop, Jr., Treasurer 
E. B. Boynton 

F. Evang 
L. R. GARDNER 
D. G. Moorneap 

. SEGL 
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WASHINGTON, D.C. 
Organized: 1919 
Territory: District of Columbia 
Place of Meeting: Auditorium, 
Electric Power Co., 10th 
Washington, D.C. 
Number of Members: 234 


Potomac 


& E Sts., 


EXECUTIVE COMMITTEE 
H. G. THIe_scuer, Chairman 


G. F. Jenks, Vice-Chairman 
C. E. Miter, Secretary-Treasurer 
A. T. Dupont 


W. B. ENSINGER 
A. F. JOHNSON 
Paut WEEKS 


WATERBURY 
Organized: 1917, as a Branch; reorganized 
as a Section, 1923 
Territory: Litchfield County and a portion 
of New Haven County 
Place of Meeting: Elton Hotel 
Number of Members: 73 


EXECUTIVE COMMITTEE 
W. C. Scunerper, Chairman 
L. J. NIEKIRK, Vice-Chairman 
R. B. Bass, Seeretary-Treasurer 
C. W. CHILDS 
A. J. GERMAN 
R. C. Perry 


JUNIOR Group 


W. B. McKenzie, Jr., Chairman 

R. W. Stimpson, Jr., Secretary-Treasurer 
H. C. ASHLEY 

G. N. Tyack 


WESTERN MASSACHUSETTS 

Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 87 


EXECUTIVE COMMITTEE 


J. L. SCHERNER, Chairman 

A. H. Lewis, Vice-Chairman 

L. G. Carton, Secretary-Treasurer 
A. E. BENSON 

LESTER CAMPBELL 

F. R. SHOEMAKER 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of 
Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 

Local Organization: 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 

Number of Members: 101 


Seattle Engineers’ 


EXECUTIVE COMMITTEE 


H. J. McIntyre, Chairman 
Eppy FLoopeeNn, Vice-Chairman 
R. E. WALTER, Secretary-Treasurer 
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H. L. ADAMS 
H. P. Forp 

B. T. McMInn 
C. J. Yosr 


WEST VIRGINIA 
Organized: 1925 
Territory: State of West Virginia, South 
of Parallel 39 
Place of Meeting: Charleston, W.Va. 
Number of Members: 60 


EXECUTIVE COMMITTEE 


C. L. Jounson, Chairman 

M. S. BLoomspure, Vice-Chairman 
H. B. HickM AN, Secretary-Treasurer 
3. B. Berry 

H. L. CARSPECKEN, JR. 

E. L. Hupson 

F. LeRoy SCHAEFER 

H. C. Skaaes, Jr. 


WORCESTER 
Organized: 1915 
Territory: Radius of 
Worcester, Mass. 
Place of Meeting: Sanford Riley Hall, 
Worcester Poly. Inst. 
Local Organization: Worcester Engineering 
Society 
Number of Members: 125 


thirty miles from 


EXECUTIVE COMMITTEE 


F. R. Jones, Chairman 

R. P. Vice-Chairman 

R. H. Woop, Secretary-Treasurer 
E. K. ALLEN, JR. 

E. N. ARMSTRONG 

H. P. CRANE 

R. F. Gow 

C. M. McManon 

OtTTo MULLER 

E. H. Smiri 


JuNIon Group 


W. M. Witcox, Chairman 

WILFreD Vice-Chairman 

W. H. Davenport, Secretary-Treasurer 
W. F. Bern 

J. E. Guiip 

Tuos. HILL 

Gro. PALMENTER 

IRWIN PETERSON 

W. S. Snow 

N. G. STRADTHERR 


YOUNGSTOWN 


Organized: 1928 

Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and 
Mercer and Lawrence in Pennsylvania 

Place of Meeting: Republic Rubber Co. 
Club Rooms, Albert St., Youngstown, 
Ohio 

Number of Members: 58 


EXECUTIVE COMMITTEE 


H. W. Smirn, Chairman 

L. A. Kune, Vice-Chairman 

C. W. Foarp, Secretary-Treasurer 
F. J. Bowers 

W. B. JENKINS 

H. E. 

E. O. Oven 


4 
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STUDENT BRANCHES 
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ARTICLE B6A, Par. 20: The Standing Committee on Relations With Colleges shall, under 
the direction of the Council, have supervision of the Student Branches of the Society and of 
such work of the Society as aims to further the education of engineers through the colleges 
and schools of accepted standing. 


STANDING COMMITTEE, RELATIONS WITH COLLEGES 
H. O. Crort, Chairman (1940) 


E. W. O’Brien (1941) 
A. C. Cuick (1942) 


J.D. CUNNINGHAM (1943) 


P. B. Eaton (1944) 


J. I. Junior Adviser (1940) 


H. E. DEGLER 


Communicate with Student Branch through Honorary Chairman 


Name and Location 


Akron, Univ. of, Akron, Ohio 

Alabama Polytechnic Inst., Auburn, Ala. 
Alabama, Univ. of. University, Ala. 
Arizona, Univ. of, Tucson, Ariz. 
Arkansas, Univ. of, Fayetteville, Ark. 
Armour Inst. of Tech.. Chicago, Il 


British Columbia, Univ. of. Vancouver, B.C., Can. 


Brown Univ., Providence, R.I. 
Bucknell Univ., Lewisburg, Pa. 
California Inst. of Tech., Pasadena, Calif. 
California, Univ. of. Berkeley, Calif. 
Carnegie Inst. of Tech., Pittsburgh, Pa. 
Case School of Applied Science, Cleveland, Ohio 
Catholie Univ. of America, Washington, D.C. 
Cincinnati, Univ. of, Cincinnati, Ohio 
Clarkson College of Tech., Potsdam, N.Y. 
Clemson A.&M. College, Clemson College, 8.C. 
Colorado State College of A.&M. Arts, Fort 
Collins, Colo. 
Colorado, Univ. of, Boulder, Colo. 
Colorado School of Mines Division, Golden 
Columbia University, New York, N.Y. 
Management Division 


Mechanical Division 
Cooper Union, New York, N.Y. 

Day Division 

Evening Division 
Cornell Univ., Ithaca, N.Y. 
Delaware, Univ. of, Newark, Del. 
Detroit, Univ. of, Detroit, Mich. 
Drexel Inst. of Tech., Philadelphia, Pa. 
Duke Univ., Durham, N.C. 
Florida, Univ. of, Gainesville, Fla. 
George Washington Univ., Washington, D.C. 
Georgia School of Tech., Atlanta, Ga. 
Idaho, Univ. of, Moscow, Idaho 
Illinois, Univ. of, Urbana, III. 
Iowa State College, Ames, Iowa 
Iowa, State Univ. of, Iowa City, Iowa 
Johns Hopkins Univ., Baltimore. Md. 
Kansas State College, Manhattan, Kan. 
Kansas, Univ. of, Lawrence, Kan. 
Kentucky, Univ. of, Lexington, Ky. 
Lafayette College, Easton, Pa. 
Lehigh Univ., Bethlehem, Pa. 
Lewis Inst., Chicago, II. 
Louisiana State Univ., University, La. 
Louisville, Univ. of, Louisville, Ky. 
Maine, Univ. of, Orono, Maine 
Marquette Univ., Milwaukee, Wis. 
Maryland, Univ. of, College Park, Md. 
Massachusetts Inst. of Tech., Cambridge, Mass. 
Michigan College of Min. & Tech., Houghton 
Michigan State College, E. Lansing, Mich. 
Michigan, Univ. of, Ann Arbor, Mich. 
Minnesota, Univ. of, Minneapolis, Minn. 


* Faculty Adviser. 


Year No.of 

Author- Mem- 
ized bers t Chairman 
1924 34 HERBERT DEIST 


1920 49 
1931 31 
1937 


F. W. Cayce 

J. A. LOMBARD 
ANnoGus McVICAR 
1910 18 J. P. JOHNSON 
1909 167 R. W. Scorr 
1938 34 R. T. Bogie 
1923 17 G. R. KELLER 


1916 12 Josepn LINK 
1914 60 G. W. 
1912 129 A. SLIPPER 
1913 52 W.L. Stover 
1913 89 F. LAWLER 
1922 30 C. E. CHANEY 
1909 59 Guy Opom 

1930 37 R. D. WALSER 


1921 39 F. C. MILLS 


1914 26 LAWRENCE WILKENS 
1914 31 LAWRENCE Burt 

21 ELKINS 
1909 12 
1909 24 +R. M. TayLor 
1920 


38 WILTON BREITMAN 
80 P. E. Hacerty 
1908 79 BARRETT 


1929 44. Epwarp SCHWARTZ 
1930 63 <A. J. HOFWEBER, JR. 
1920 44 W. W. CATHCART 
1935 23 4H. O. Scumint 

1926 23 C. H. STANTON 

1924 37 A. HARTMAN 
1915 48 R. J. 


1925 38 
1909 166 


BARRY MERRILL 
R. W. Roose 


1919 44. Epwarp Ort 
1913 37 J. P. May 

1917 46 CHARLES FLAGLE 
1914 60 Rovert PLye 
1909 20 C. H. McCase 
1911 24. T. W. CoziIne 
1919 35 Ropert Corsy 
191] 27 F. McQuILLIn 


1933 52. E.J. Burrowes 
1916 56 = S. A. BRowNING 
1928 20 C. A. Evans 
1910 48 D. H. Carr 


1923 26 THOMA 

1937 48 I. C. Morris 

1909 114 JOHN McMULLIN, III 
1930 65  Paut MartTIN 

1917 64 G. R. GRENZKE 

1914 81 R. S. Jones 

1913 142 L. Ertscaarp 


t+ As of January 1, 1940. 


S. F. DuNcAN Advisory 

E. O. Eastwoop Members 

F. H. Provuty (1940) 

G. L. SULLIVAN 

Secretary Honorary Chairman 

(CHARLES CEHRS F. S. Grirrin 

T. R. Lover, Jr. C. R. Hrxon 
LEONARD MANDELL J. M. GALLALEE 
JOHN KERR M. L. THORNBURG 
JOSEPH MURRAY L. C. Price 

JOHN CATLIN DANIEL Rorscu 
H. J. Morris F. W. VERNON 
R. H. STARRETT S. J. Berarp 
SAMUEL FISHER G. M. KUNKEL 
NEWELL ParTCH R. L. DAUGHERTY 
W. M. GAYMAN G. F. GARLAND 
G. A. CONNOR D. C. SAYLOR 
W. T. GLoor F. H. Vose 
R. J. DeCrsare M. W. WESCHLER 
JAMES TARKINGTON R. L. Smitu 
W. C. NELLIS F. A. CLARY 
M. W. ACKERMAN J. H. Sams 


WILLIAM SUTHERLAND J. 
Ropert LAuTH 
F. R. FISHER J. 


FRED 
*WALTER RAUTENSTRAUCE 
Frep DuTCHER 


G. W. PLossi 


T. STRATE 


W. S. Beatrie 


C. Reep 


DuTrCHER 


ARTHUR SVENSON E. A. SALMA 
E. G. LuCKEN E. A. SALMA 
J. E. Bruiines P. H. Brack 


W. H. Dawson 


W. F. 


V. D. PoLHLMEYER F. J. LINSENMEYER 
D. E. WIGFIELD W. J. STEVENS 

D. E. F. J. Reep 

A. D. Jones R. A. THOMPSON 
J. C. Gorr A. F. JoHNsoNn 
W. B. Asusy R. S. Hower 
EArt JELTER H. F. Gauss 

K. L. Carter D. G. RYAN 
JOSEPH BROGAN R. E. Roupesusyu 
H. L. YAKISH H. L. GopeKe 

C. D. MonTGOMERY K. P. Hanson 


HarpeEN 


B. B. BRAINARD 


J. W. R. S. Tair 
THOMAS JACKSON C. C. 

J. E. HAMMERSTONE P. B. Eaton 

E. R. SNOVEL T. E. JAcKsON 
Henry DEA J. S. Kozacka 
W. J. Sperier G. F. Mattrues 
B. E. McKercHer L. L. AMIDON 
F. S. Martin I. H. PRAGEMAN 
SEBASTIAN JUDD R. J. SmM1rTH 

T. G. TIMBERLANE J. W. Huckert 


W. R. SCHULER ALVIN SLOANE 
Crype TURNER A. P. Youne 
R. J. Martin C. N. Rrx 

R. H. JeFFERS E. T. VINCENT 
L. L. C. A. 
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Name and Location 


Mississippi State College, State College, Miss. 

Missouri School of Mines & Metallurgy, Rolla, Mo. 

Missouri, Univ. of, Columbia, Mo. 

Montana State College, Bozeman, Mont. 

Nebraska, Univ. of, Lincoln, Neb. 

Nevada, Univ. of, Reno, Nev. 

Newark College of Engineering, Newark, N.J. 

New Hampshire, Univ. of, Durham, N.H. 

New Mexico State College of A.&M. Arts, State 
College, New Mex. 

New Mexico, Univ. of, Albuquerque, New Mex. 

New York, College of the City of, New 
N.Y. 

New York University, New York, N.Y. 

Aeronautic Division 


Mechanical Division 


New York Univ. Evening School, New York, N. Y. 


North Carolina State College, Raleigh, N.C. 
North Dakota Agricultural College, Fargo, N.D. 
North Dakota, Univ. of, Grand Forks, N.D. 
Northeastern Univ., Boston, Mass. 
Northwestern Univ., Evanston, III. 

Notre Dame, Univ. of, Notre Dame, Ind. 

Ohio Northern Univ., Ada, Ohio 

Ohio State Univ., Columbus, Ohio 

Oklahoma A.&M. College, Stillwater, Okla. 
Oklahoma, Univ. of, Norman, Okla. 


Oregon State Agricultural College, Corvallis, Ore. 


Pennsylvania State College, State College, Pa. 
Pennsylvania, Univ. of, Philadelphia, Pa. 
Pittsburgh, Univ. of, Pittsburgh, Pa. 
Polytechnie Inst. of Brooklyn, Brooklyn, N.Y. 
Day Division 
Evening Division 

Pratt Inst., Brooklyn, N.Y. 
Princeton Univ., Princeton, N.J. 
Puerto Rico, Univ. of, Mayaguez, P.R. 
Purdue, Univ. of, W. Lafayette, Ind. 
Rensselaer Polytechnic Inst., Troy, N.Y. 
Rhode Island State College, Kingston, R.1. 
Rice Inst., Houston, Tex. 
Rose Polytechnic Inst., Terre Haute, Ind. 
Rutgers Univ., New Brunswick, N.J. 
Santa Clara, Univ. of, Santa Clara, Calif. 
South Dakota State College, Brookings, S.D. 
Southern California, Univ. of, Los Angeles, Calif. 
Southern Methodist Univ., Dallas, Tex. 
Stanford Univ., Stanford University, Calif. 
Stevens Inst. of Tech., Hoboken, N.J. 
Swarthmore College, Swarthmore, Pa. 
Syracuse Univ., Syracuse, N.Y. 
Tennessee, Univ. of, Knoxville, Tenn. 
Texas, A.&M. College of, College Station, Tex. 
Texas Technological College, Lubbock, Tex. 
Texas, Univ. of, Austin, Tex. 
Toronto, Univ. of. Toronto, Ont., Can. 
Tufts College, Tufts College, Mass. 
Tulane Univ. of Louisiana, New Orleans, La. 
U. S. Naval Academy, Post-Graduate School, 

Annapolis, Md. 
Utah, Univ. of, Salt Lake City. Utah 
Vanderbilt Univ., Nashville, Tenn. 
Vermont, Univ. of, Burlington, Vt. 
Villanova College, Villanova. Pa. 
Virginia Polytechnic Inst., Blacksburg, Va. 
Virginia, Univ. of, University, Va. 
Washington, State College of. Pullman, Wash. 
Washington, Univ. of, Seattle. Wash. 
Vashington Univ., St. Louis, Mo. 
West Virginia Univ., Morgantown, W. Va. 
Wisconsin, Univ. of, Madison, Wis. 
Worcester Polytechnic Inst., Worcester, Mass. 
Wyoming, Univ. of, Laramie, Wyo. 

ale Univ., New Haven, Conn. 


* Faculty Adviser. 


York, 


ized 


1926 
1930 
1909 
1920 
1909 
1923 
1924 
1926 


1938 
1935 


1933 
1920 
1929 
1923 
1922 
1935 
1929 
1922 
1911 
1921 
1917 
1909 
1909 
1925 
1917 


1909 


1923 
1926 
1923 
1909 
1910 
1930 
1926 
1926 
1920 
1925 
1935 
1929 
1933 
1909 
1908 
1921 
1912 
1923 
1921 
1930 
1921 
1933 
1917 
1933 


1925 
1923 
1928 
1922 
1925 
1915 
1923 
1930 
1917 
1911 
1922 
1909 
1914 
1925 
1910 


Year No.of 
Author- Mem- 


bers 


61 
52 
21 
33 
62 
19 
110 
34 


Chairman 
STANLEY LIVINGSTON 
VERNON RIEKE 
IRWIN TROWBRIDGE 
D. H. MIKKELSON 
Gaius CADWELL 
M. M. TILLEY 
G. L. Breur 
A. L. Harpy 


JOHN VALKENAAR 
C. W. Merritt 


WILLIAM SCHEINGOLD 
B.S. Meap, Jr. 


EDWIN BLUESTONE 
W.A. SHaw 

M. M. Datton 
ArtTHuR HEWITT 
I. L. Svore 

T. C. McDonovucH 
F. P. Locxkarp 

J. J. LINNEHAN 
R. W. Rotru 

J. M. Hetpack 


WILLIAMSON, JR. 


W. F. Forp 

R. P. Lankow 
NORMAN YOUNG 
SAMUEL GRIFFIN 
P. F. Gipson 


WILLIAM ABOKAIR 
M. R. NICASTRO 
LEE MAHER 

S. LoveELAce 

J. D. MARTINEZ 

J. K. Bryan 

E. E. Henry 

A. JOHNSON 

S. E. HaGGarp 

N. G. 

R. L. LARRABURE 
W. T. Box 

EARL Bowar 

Rh. McS. Bripers 
RAYMOND HOLLAND 
H. P. Moots 

M. G. BELINE 

A. D. Cox, JR. 

W. N. CoLe 

J. T. Epwarps 

B. H. Burns 

W. Hurn 

J. E. KAIner 

J. M. VANWINCKLE 
R. W. Epwakps 
E. L. Murruy 


GRANT BAGLEY 
J. M. Wricut 
F. A. JONNSON 
J <A. Heck 

P. D. DALE 

T. G. Hopss, Jr. 
J. S. MIL_er 
OTIS LAMSON 
EDWIN MATHAE 
R. L. QUEEN 

R. H. BeNnNew11z 
K. R. 
L. C. CLAUSEN 
C. T. RoeELKE 


Secretary 


HeRMAN Bopp 
LYNN RIEGE 

H. E. Ketrrer 
JAMES COPENHAVER 
B. R. SCHLUCKEBIER 
HERMAN KONNERTH 
R. P. JomNson 

H. S. BurrerwortH 


E. B. Pack 
PHILLIP Hoop 


CARL MARQUIT 
Henry ByYcu 


J. J. FoGei 

F. W. Lyncu, JR. 
J. H. KENNEDY 
NORMAN GEHLHAR 
STANLEY VOAK 

R. L. Corey 

LoyD JACOBSEN 
R. W. WiITCHGER 
RoBert BOwWvEN 
S. F. 
GERTRUDE HILL 
Jack Lucas 

C. E. Etston 
Ropert GUNDEL 
J. R. LYNcn 
FRANK KRISTL 


JACK BABAKIAN 
W. A. CuUSHIE 
VERNON CLARK 
F. I. WALSH 
Pepro HILeRA 
T. P. PEPPLER 
R. C. JONES 
W.C. SMITH 
Harpy JACKSON 
FREDERICK THODAL 
A. M. Lipsky 

F. M. Boornu 
Roger St. JOHN 
J. O. SuUFFRON 
CHARLES GRIMES 
T. CoLLINs 
STEVEN DANATOS 
M. G. SmMiTH 
WILLIAM NELSON 
V. A. HINES 

J. J. WALKER 

T. C. NOWELL 
W. R. Woo.ricu 
W. F. Woop.Ley 
G. H. SAWTELL 
R. T. BAsnetr 


A. C. McMAstTer 
C. D. FuLron 
F. S. Heata 
CASIMIR KuREK 
G. G. 


C. E. BATCHELDER, JR. 


D. R. Ross 

R. S. LAInG 
OWENS 

C. J. SNypER, JR. 
R. E. Wricut 

E. M. Bates, Jr. 
M. H. STEFFENSEN 
DARRAH CorRBET, JR. 


Honorary Chairman 


H. P. NEAL 

A. J. MILES 

R. L. Scoran 

R. T. CHALLENDER 
N. H. BARNARD 
W. H. Davipson 
F. J. Burns 

E. T. Donovan 


M. T. LEWELLEN 
A. D. Forp 


D. A. FISHER 


J. M. LABBERTON 
*F. K. TEICHMANN 
J. M. LABBERTON 
J. M. LABBERTON 
F. F. Groseciose 
A. W. ANDERSON 
A. J. DIAKOFF 

A. J. FERRETTI 
EDWARD OBERT 
C. C. WiLcox 

J. A. NEEDY 
PAauL BUCHER 
V. W. Youne 

E. M. Sims 

J. C. Ornus 
C. M. ALLEN 
L. N. GuLick 
I. A. GRADISAR 


F. W. MING 

F. W. 

J. W. HUNTER 

A. M. GREENE, JR. 
GUILLERMO DeEYA 
W. J. Cope 

G. K. PALSGROVE 
E. L. CARPENTER 
C. A. Hatt 

CaRL WISCH MEYER 
N. P. 

R. A. SEBAN 

R. E. Gregs 

T. T. Eyre 

R. M. Matson 
M.S. Hvuco 
WILLIAM HALLIDAY 
C. G. THATCHER 

A. R. ACHESON 

R. W. Morton 

C. W. CRAWFORD 
H. F. GopeKe 

V. L. 
R. C. 
MAcCNAUGHTON 
E. R. STEPHAN 


P. J. KIEFER 

R. D. Baker 

J. E. Boynton 
E. L. Sussporrr 
W. J. BARBER 

F. S. Roop 

H. C. Hesse 

F. W. CANDEE 

R. W. Crain 
HERBERT KUENZEL 
H. M. CaTHER 

B. G. 

E. W. ARMSTRONG 
R. S. SINK 

S. W. DupbLey 
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RESEARCH TECHNICAL COMMITTEES 


Arricte B6A, Par. 24: The Standing Committee on Research shall advise the Council on the 


research work of the Society. 


The first Standing Committee on Research was organized in 1909. 


STANDING COMMITTEE 


L. W. WALLACE, Chairman (1940) 
E. G. Battey (1941) 

W. TrINKS (1942) 

Hersey (1943) 

J. H. WALKER (1944) 


LUBRICATION 


Appointed October, 1915, to investigate the 
fundamental problems of lubrication, to 
formulate results of investigations pre- 
viously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 
G. B. KareELiTz, Chairman 
S. J. NEEps, Secretary 

A. L. BEALL 

Oscar BRIDGEMAN 

W. E. CAMPBELL 

H. P. DAHLSTRAND 

H. A. EVERETT 

A. E. FLOWERS 

J. C. GENIESSE 

RAYMOND HASKELL 

M. D. Hersey 

F. HUNTER 

. M. Larson 

C. LINN 

L. NEELY 

. L. NEWKIRK 

. E. Norton 

. S. PEARCE 

ERNEST WOOLER 


FLUID METERS 


Appointed 1916 to develop the theory of fluid 
meters of all kinds and to report on the best 
methods for their installation and use 


(Reorganized July, 1926) 


. S. Pieott, Chairman 
. CARLTON, Secretary 
. BEAN 


. E. SPRENKLE 
. C. M. STAHL 
. R. WEYMOUTH 
. J. ZucROW 


_ 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct re- 

search on the thermal properties of water- 

vapor and steam from 0 C to the upper limits 
of temperature and pressure 


(Reorganized April, 1929) 


W.L. Vice-Chairman 
H. N. Davis 

H. C. DIcKINSON 
A. M. GREENE, JR. 
R. C. Hack 

D. S. JACOBUS 
Max JAKOB 

J. H. KEENAN 

F. G. KEYES 

L. S. MARKS 

+. A. ORROK 

R. J. S. Pieotr 
H. V. RASMUSSEN 
E. L. Rosrnson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigat- 
ing factors affecting the strength and life of 
gear teeth 


R. E. FLANDERS, Chairman 
C. H. Loeur, Secretary 

C. G. BARTH 

EARLE BUCKINGHAM 

A. M. GREENE, JR. 

C. W. Ham 

F. E. McMULLEN 

E. W. MILLER 

ERNEST WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying 

the problems of metal cutting, including tool 

materials, tool design, lubrication, cooling, 
and speeds and fuels 


M. F. JupkKins, Chairman 
L. N. Guuick, Secretary 
L. P. ALFoRD 

O. W. Boston 

R. C. DEALE 

A. L. DELEEUW 

C. M. THompson, JR. 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. TOWNSEND, Chairman 
C. T. Secretary 
E. BARBA 
W. G. BROMBACHER 
R. W. Cook 
W. T. DonKIN 
RUPEN EKSERGIAN 
G. E. HANSEN 
BENJAMIN LIEBOWITZ 
Davip LorTs 
(R. D. Brizzouara, Alternate) 
D. J. JR. 
R. E. PETERSON 
J. B. REYNOLDS 
J. W. ROCKEFELLER, JR. 
B. W. St. CLaIr 
M. F. Sayre 
T. R. WEBER 
KeitH WILLIAMS 


J. K. Woop 
F. P. ZIMMERLI 
O. B. ZIMMERMAN 


ELEVATORS 
Appointed June, 1924, as a subcommittee of 
the Sectional Committee on Safety Code for 
hlevators, to study the function and opera- 
tion of elevator safeties and buffers and 
their associated mechanisms and to develop 
methods of test for the approval of elevator 
safety devices 


D. J. PuRINTON, Chairman 

O. P. CUMMINGS, Vice-Chairman 
J. A. DICKINSON, Secretary 
BASSETT JONES 

D. L. 

M. G. Lioyp 

J. J. 

M. McLAUTHLIN 

W.S. PAINE 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as a joint re- 
search committee of the A.S.T.M. and the 
A.S.M.E. to encourage the investigation 
and accumulation of data on the properties 
of metals used in the mechanic arts at 
extremely high and low temperatures 


N. L. Mocue., Chairman 

H. J. Kerr, Vice-Chairman 

J. W. Botton, Secretary 

R. H. ABorn 

W. H. ARMACOST 

A. B. BAGSAR 

A. D. BAILEY 

F. E. Basu 

E. S. DIxon 

F. B. Fotry 

J. R. FREEMAN, JR. 

H. J. FrRENcH 

H. W. GILtetr 

A. J. 

. F. JENKS 

J. KANTER 

E. MacQuiae 

E. McKINNEY 

L. RoBINsoN 

A. E. WHITE 

Director, National Bureau of Standards, 
U.S. Department of Commerce 

Representative of Bureau of Engineering, 
U.S. Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manw 
facturers Association, American Railway 
Engineering Association, American Water 
Works Association, Edison Electric Instt- 
tute, the American Society for Testing Mo 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed 
water for stationary and railroad practice 
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BOILER FEEDWATER STUDIES 


(Continued) 
EXECUTIVE CoMMITTEE (Total personnel 41) 


C. H. Fettows, Chairman 
R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 
A. G. CHRISTIE * 

R. E. COUGHLIN 

B. W. De GEER 

Max Hecut 

H. E. JorpDAN 

W. F. KEENAN, JR. 

P. B. PLACE 

S. T. POWELL 

F. N. SPELLER 

M. F. Stack 

E. H. TENNEY 

A. E. WHITE * 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


A. E. Wurre, Chairman 

D. C. Weeks, Vice-Chairman 

P. A. BANCELL 

D. K. CRAMPTON 

H. M. CuSHING 

R. E. DILLON 

O. B. J. FRASER 

J. R. FREEMAN, JR. 

V. M. Frost 

F. HARwoop 

G. C. HoLper 

O. Z. KLopscu 

H. W. Leiren 

E. F. MILLER 

W. B. Price 

M. F. Stack 

H. A. STAPLES 

W. R. WEBSTER 

Director, Bureau of Engineering, U.S. Navy 
Department 


BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the 
principal factors governing the failure of 
refractories in various types of installations, 
to subject these factors to detailed exrperi- 
mental analysis, to undertake the formula- 
tion of suitability tests and, if necessary, to 
attempt to develop a suitable refractory to 
meet the needs of severe service 


W. A. Carrer, Chairman 
8. H. BaRNuM 
G. A. 
M. C. Booze 
W. H. FuLWeILer 
C. B. Grapy 
R. A. 
R. K. Hursu 
N. E. Lewis 
J. 8S. McDoweELL 
(F. A. Harvey, Alternate) 


8. J. McDowELL 
Percy NICHOLLS 
8S. M. Puetps 
E. B. Poweti 
R. A. SHERMAN 
R. B. Sosman 
L. J. TROSTEL 
G. B. WILKes 


* Official A.S.M.E. representatives serving 
on this committee. 
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WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

worm gear drives and to recommend im- 

provements in their design, manufacture, 
and use 


EARLE BUCKINGHAM, Chairman 

G. H. ACKER 

L. R. BUCKENDALE 

W. H. Himes 

D. L. 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Engineering, 
U.S. Navy Department 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the 
reconciliation of certain economic laws 
affecting production, to develop formulas 
for management, and to collect and report 
information on management research 


W. E. FREELAND, Chairman 
F. E. RaymMonp, Secretary 
J. H. BARBER 

T. H. Brown 

R. C. Davis 

G. E. HAGEMANN 


ABSORPTION OF RADIANT HEAT IN 
BOILER FURNACES 


Appointed April, 1928, to make a study of 

the absorption of radiant heat in boiler fur- 

naces with the purpose of developing recom- 
mendations on improved furnace design 


W. J. WonHLeNBERG, Chairman 
EK. G. BAILEY 

2. M. GATES 

C. W. Gorpon 

E. L. LINDSETH 

G. A. ORROK 

R. J. S. Picorr 

JOHN VAN BRUNT 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under erternal pres- 

sure, particularly with reference to jacketed 
vessels 


W. D. HaLsey, Chairman 
F. V. HARTMAN 

M. B. Hieerns 

A. W. LiImont, JR. 

H. E. SAUNDERS 

E. E. SHANOR 

D. B. WESsSTROM 

F. S. G. WILLIAMS 

D. F. WINDENBURG 


WIRE ROPE 


Appointed April, 1930, to investigate ezist- 
ing rope so that it may be better understood 
and more effectively used 


W. H. Chairman 
H. LeR. Brink 

D. L. LINDQUIST 

G. W. MArTIN 


C. A. McCune 

A. H. McDouGaLL 

B. V. E. Norppere, Jr. 
W.S. PAINE 

W. J. RYAN 

GEORGE SIMPSON 

L. E. Youne 


CRITICAL PRESSURE STEAM 
BOILERS 


Appointed June, 1931, to study the char- 
acteristics of high-pressure forced-circula- 
tion steam-generating units 


H. L. Sorperc, Chairman 
W. H. ARMACOST 
A. D. BAILEY 

E. G. BAILEY 

F. S. Clark 

C. H. FeLttows 
H. J. Kerr 

M. W. LINK 

G. A. ORROK 

E. L. Rospinson 
P. W. THOMPSON 


COTTONSEED PROCESSING 


Appointed December, 1932, to study the 
mechanical problems involved in storing, 
conditioning, and cooking cottonseed meats 


W. R. Woo.tricu, Chairman 
HoMER BARNES 

E. L. CARPENTER 

C. E. GARNER 

B. J. SAMS 

R. B. TAYLor 


ROLLING OF STEEL (PLASTICITY) 


Appointed October, 1938, to study plasticity 
in the particular field of rolling of steel 


W. TrRINKS, Chairman 
E. C. Bain 

C. L. EKSERGIAN 

J. H. Hirencock 

G. B. KARELITz 

C. W. MacGrecor 

A. NADAI 

Morris STONE 


A.S.M.E. Representatives on 
Other Research Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-5 


AMERICAN COORDINATING COMMIT- 
TEE ON CORROSION 


American Society for Testing Materials 


S. L. Kerr 
(C. H. Fettows, Alternate) 


CORROSION COMMITTEE 


American Society of Refrigerating 
Engineers 


(To be appointed) 
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FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 
C. 'T. EpGertTon 
HEAT-TREATMENT OF ROCK DRILL 
STEELS 


Advisory Board of the National Bureau of 
Standards and Bureau of Mines 


(To be appointed) 


AS.M.E. SOCIETY RECORDS, PART 1 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


C. H. Brerpaum 


PROPERTIES OF REFRACTORY 
MATERIALS 


of Standards 


E. B. Powe. 


Advisory Committee to the National Bureau 


WATER FOR INDUSTRIAL USES 


American Society for Testing Materials 


J. H. WALKER 


STANDARDIZATION TECHNICAL COMMITTEES 


ARTICLE B6A, Par. 23: 


The Standing Committee on Standardization shall advise the 


Council on the dimensional standardization work of the Society, including relations with the 
American Standards Association. 


The first Standing Committee on Standardization was organized in April, 1911. 


STANDING COMMITTEE 


W. C. MUELLER, Chairman (1940) 
A. L. BAKER (1941) 

J. E. Lovety (1942) 

J. R. WEAVER (1943) 

T. E. (1944) 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in February, 1929 


A.S.M.E. Members (Total personnel, 35) 


R. E. FLANbDERS, Chairman t 
EARLE BUCKINGHAM, Secretary 
E. J. BRYANT 


A. M. Howser + 
H. C. E. MeYer 
P. V. MILLER t 
W. C. MUELLER 
R. H. Perry 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Scope, Arrangement, and Editing 
of American National Standard, R. 
E. FLANDERS 

No. 2 on Terminology and Thread Specifica- 
tions, Except Gages, C. W. BETTCHER 

No. 3 on Special Threads and Twelve Pitch 
Series, Except Gages 

No. 4 on Acme and Other Similar Threads, 
Except Gages, EARLE BUCKINGHAM 

No. 5 on Screw Thread Gages and Inspec- 

tion, G. S. Case 
. 7 on Wood Screws, ARTHUR Boor 


Special Subcommittee on Revision of Ameri- 
can Standard, P. V. MILLER 


* Note: All of these standards committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 
Association. Sectional Committee originally 
organized in 1913. Reorganized May, 1927 


A.S.M.E. Members (Total personnel, 46) 


A. S. MILter, Chairman 
C. B. LePaGe, Acting Secretary 
A. F. BREITENSTEIN 

E. J. BRYANT 

C. S. CoLe 

=. S. CORNELL, JR. 

J. J. Crorry 

A. P. DENTON 

J. J. HARMAN 

A. M. Houser t 

A. H. JARECKI 

P. V. MILLER 

F. H. Morenrap 

W. C. Morris 

S. F. NEWMAN 

L. N. SHANNON 

W. D. Sizer 

J. H. WILLIAMS 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Editing and Gaging, A. M. Houser 

No. 2 on Taper Pipe Threads, S. B. Terry 

No. 3 on Straight Pipe Threads, A. S. 
MILLER 

No. 4 on Plumbers’ Threads, A. F. BREITEN- 
STEIN 

No. 5 on Screw Threads for Rigid Steel 
Conduit, JAMES BARTON 

No. 6 on Special Threads for Thin Tubes, 


C. C. WINTER 


Special Subcommittee on Truncation, E. J. 
BRYANT 


BALL AND ROLLER BEARINGS (B3) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized December, 1920 


A.S.M.E. Members (Total personnel, 14) 


W. P. Vice-Chairman t 
D. E. BATESOLE t 

L. A. CUMMINGS 

F. G. HucHes 

G. E. Huse 

L. F. NENNINGER 

ERNEST WOOLER 


ALLOWANCES AND TOLERANC 
FOR CYLINDRICAL PARTS ANI 
LIMIT GAGES (B4) 

* Sole sponsorship. Sectional 


originally organized in June, 1920. 
ganized in September, 1930 


ES 
) 


Committee 
Reor- 


A.S.M.E. Members (Total personnel, 43) 


J. E. Lovey, Chairman + 
IF. E. BANFIELD, JR. 
IF. S. BLACKALL, JR. 
E. J. Bryant 

EARLE BUCKINGHAM t¢ 
F. H. CoLvin 

T. G. CRAWFORD 

R. E. W. Harrison 
F. O. HOAGLAND 

N. E. Jacosi 

H. C. E. MEYER 

P. V. MILLER 

W. C. MUELLER 

E. C. Pecx 

R. H. Perry 

W. C. SCHOENFELDT 
C. C. STEVENS 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMAN 


No. 1 on Tolerance Systems, R. E. 


HARRISON 


W 


SMALL TOOLS AND MACHINE TOOL 


ELEMENTS (B5) 


* Joint sponsorship with the National 


chine Tool Builders Association and the S 


ciety of Automotive Engineers. 


Sectiona 


Committee organized September, 1922 


A.S.M.E. Members (Total personnel, 


W. C. MUELLER, Chairman t 
F. O. HoaGLanp, Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

E. J. Bryant 

EARLE BUCKINGHAM 

F. H. CoLviIn 

S. A. EINSTEIN 

H. E. Harris t¢ 

JOHN Haybock 

J. P. Lavxt 

J. E. Lovery 
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SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (Continued) 


TECHNICAL COM MITTEES 


No. 1 on T-SLots 


A.S.M.E. Members (Total personnel, 7) 


Ertk OBerG, Chairman t 
J. B. ARMITAGE 

Harry CADWALLADER, JR.t 
S. A. EINSTEIN 

F. O. HOAGLAND t 


No. 2 on Toot Posts anp Too. SHANKS 


A.S.M.E. Members (Total personnel, 8) 


0. W. Boston, Chairman 
F. S. BLACKALL, JR. 
GRANGER DAVENPORT t 

M. E. LANGE 


No. 3 ON MACHINE TAPERS 


A.S.M.E. Members (Total personnel, 20) 


E. J. Bryant, Chairman + 
C. B. LEPAGE, Acting Secretary 
J. B. ARMITAGE 
F. S. BLACKALL, JR. 
EARLE BUCKINGHAM 
F. H. Coivin 
J. B. DILLARD 
(T. F. GirHens, Alternate) 
B. P. GRAVES 
H. E. Harris 
F. O. HoaGLanp 
J. H. Horgan 
A. H. Lyon 
L. F. NENNINGER 


SUBGROUP CHAIRMEN 


Steep Tapers Series, S. MCMULLAN 
Revision of Slow Taper Standard, E. J. 
BRYANT 


No. 4 on SpINpLE Noses AND COLLETS FOR 
MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 26) 


J. E. Lovety, Chairman + 
L. F. NENNINGER, Secretary 
J. B. ARMITAGE 

B. P. Graves 

F. O. HoaGLanp 

A. M. JoHNSON 

M. E. Lance 

J. H. MANSFIELD 

L. D. Spence 


SUBGROUP CHAIRMEN 


No. 1 on Milling Machines, Small and Me- 

dium, J. B. ARMITAGE 

‘o.2 on Large Milling Machines, F. B. 

KAMPMEIER 

No. 3 on Grinding Machine Spindles, H. J. 
GRIFFING 

No. 5 


5 on Drilling Machines and Horizontal 
Boring Machines, 8S. MCMULLAN 
No.6 on Turning Machines, Including 
Automatic Screw Machines, Lathes, 
Automatic Lathes, Turret Lathes, and 
Automatic Chucking Machines, J. E. 
LOVELY 

on Correlation of Counter Proposals 
for Spindle Noses, J. E. Lovety 


No. 8 
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No. 5 ON MILLING CUTTERS 


A.S.M.E. Members (Total personnel, 20) 


J. B. ARMITAGE 

A. N. Gopparp + 

J. H. 

G. L. MARKLAND, JR. 
E. K. Morgan 

Erik Opere 

E. D. VANCIL 


SUBGROUP CHAIRMEN 


No. 1 on Profile Cutters, E. D. VANcIL 
No. 2 on Keyways, J. B. ARMITAGE 

3 on Nomenclature, A. C. DANEKIND 
No. 4 on Limits, J. H. Hortean 

5 on Formed Cutters, H. C. HuNGer- 
FORD 
No. 6 on Hobs, G. L. MARKLAND, JR. 

7 on Inserted Tooth Cutters, J. B. 
ARMITAGE 


No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 19) 


JOHN Haypock, Chairman 
EARLE BUCKINGHAM + 

T. H. Doan, Jr. 

B. P. Graves t 

J. J. McBripe 

E. R. SmMitTH 


No. 7 on Twist Sizes 


A.S.M.E. Members (Total personnel, 7) 


W. C. MvELLerR, Chairman + 
J. H. HoriGan 


No. 8 on J1g BUSHINGS 


A.S.M.E. Member (Total personnel, 8) 
J. H. 


No. 9 on PuNncH Press Toots 


A.S.M.E. Members (Total personnel, 15) 


D. H. CHAsoN 

N. W. DorMAN 
H. E. Harris ¢ 
D. M. PALMER 


No. 10 oN FormMinG Toots AND HOLDERS 


A.S.M.E. Members (Total personnel, 9) 


W. C. MvuELter, Chairman + 
WILLIAM HARTMAN 
L. D. SPENCE 


No. 11 on CHuckKs AND CHUCK JAWS 
A.S.M.E. Member (Total personnel, 10) 
J. E. Lovery, Chairman 


SUBGROUP CHAIRMAN 


No. 1 on Master Chuck Jaws, J. E. Lovety 
No. 2 on Adapters for Air Cylinders, J. E. 
LovELY 


No. 12 on Cut AND Grounp THREAD TAPS 


(Total personnel, 7) 
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No. 13 oN SPLINES AND SPLINED SHAFTS 


A.S.M.E. Members (Total personnel, 14) 


. ARMITAGE t+ 

. W. Harrison 
. HOAGLAND 

. LOVELY 

. WATERMAN 


SUBGROUP CHAIRMEN 


Machine Tool Splines, R. E. W. Harrison 
Automotive Splines, W. L. BArTH 
Involute Splines, C. K. LENNING 


No. 17 ON NOMENCLATURE FOR SMALL TOOLS 
AND MACHINE Toot ELEMENTS 


A.S.M.E. Members (Total personnel, 14) 


O. W. Boston, Chairman and Secretary 
F. S. BLACKALL, JR. 

F. H. CoLvin 

H. E. Harris 

F. O. HOAGLAND 


Ex-Officio Members 


A. N. Gopparp 
B. P. GRAVES 
W. C. MUELLER ¢ 


No. 19 on SINGLE Pornt Cuttine Toots 


A.S.M.E. Members (Total personnel, 2) 


F. H. Cotvin, Chairman t 
O. W. Boston, Secretary 


No. 20 on REAMERS 


A.S.M.E. Members (Total personnel, 15) 


F. H. 
T. F. GrirHens 
J. H. Horgan 


No. 21 on Toot-Lire Tests ror SINGLE- 
Toots 


(Being organized) 
O. W. Boston, Chairman 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Sectional Com- 
mittee organized June, 1921 


A.S.M.E. Members (Total personnel, 27) 


EARLE BUCKINGHAM, Vice-Chairman +t 
C. B. LePage, Acting Secretary 
G. H. ACKER 

U. S. EBERHARDT 

L. H. Fry 

C. B. HAMILtTon, JR. 

D. T. HAMILTON 

M. R. HANNA 

O. A. LEUTWILER + 

G. L. MARKLAND, JR. 

CARLETON REYNELL 


SUBCOM MITTEE CHAIRMEN 


1 on Program 
2 on Editing Reports 
No. 3 on Nomenclature, D. T. HAMILTON 

4 on Tooth Form (Spur Gears), U. 8. 
EBERHARDT 

5 on Helical Gears, W. P. SCHMITTER 
No. 6 on Worm Gears, T. R. Rmpeout 

7 on Bevel Gears, F. L. KNowLeEs 
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GEARS (Continued) 


No. 8 on Materials, C. B. HAMILTON, JR. 

No. 9 on Inspection, J. P. BREUER 

No. 10 on Horsepower Rating, EARLE BucK- 
INGHAM 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing, and Air Conditioning Contractors Na- 

tional Association and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized October, 1921 


A.S.M.E. Members (Total personnel, 49) 


C. P. Buiss, Chairman t 
J. J. HARMAN, Secretary 
L. W. t 

A. L. Brown 

SABIN CROCKER 
FERDINAND FINK 


H. A. Horrer 

E. L. Hoprine 

A. M. Houser 

D. 8S. Jacosus 

C. A. KELTING 

J. R. Kruse (JoHN Buizarp, Alternate) 
M. B. MAcNEILLE 


Lupwie 

J. R. TANNER t 
J. H. TAYLOR 

H. L. UNDERHILL 
G. W. Watts 

J. H. WILLIAMS 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Cast Iron Flanges and Flanged 
Fittings, A. M. HousER 
No. 2 on Screwed Fittings, F. H. MorEHEAD 


No. 3 on Steel Flanges and Flanged Fit- 
tings, C. P. Biss 

4 on Materials and Stresses, A. M. 
HOUSER 


No. 5 on Face to Face Dimensions of Fer- 
rous Flanged Valves, J. R. TANNER 

No. 6 on Malleable Iron or Steel Brass 
Seat Unions 

No. 7 on Rating of Pipe Fittings 

No. 8 on Marking of Pipe Fittings 

No. 9 on Port Openings, W. W. HusBBarpD 


SHAFTING (B17) 
* Sole sponsorship. Organized October, 1918 


A.S.M.E. Members (Total personnel, 11) 


C. M. CHAPMAN 
H. C. E. Meyer 
L. C. Morrow 
J. M. SHIMER 
G. N. Van DerHOoEF + 
L. W. WILLIAMS tf 


Chairman + 


BOLT, NUT, AND RIVET PROPOR- 
TIONS (B18) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 


A.S.M.E. Members (Total personnel, 57) 


A. E. Norton, Chairman t 
H. E. ALpRICH 
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IF. C. BILLINGS 

B. G. BRAINE 

G. S. Case 

T. G. CRAWFORD 

H. P. FREAR 

HERMAN KOESTER 

S. F. NEwMAN 

R. J. WHELAN 

E. M. WHITING 

V. R. WILLOUGHBY 
(J. J. McBripe, Alternate) 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


. 1 on Large and Small Rivets 
No. 2 on Wrench Head Bolts and Nuts, W. 
K. MENDENHALL, JR. 


No. 3 on Slotted Head Proportions 

No. 4 on Track Bolts and Nuts 

No. 5 on Round Unslotted Head _ Bolts 
(Carriage Bolts), M. C. Hortne 

No. 6 on Plow Bolts, O. B. ZIMMERMAN 

No. 7 on Body Dimensions and Materials 

No. 8 on Nomenclature, G. S. CASE 

No. 9 on Socket Head Cap and Set Screws, 


HERMAN KOESTER 


PLAIN AND LOCK WASHERS (B27) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized August, 1925 


A.S.M.E. Members (Total personnel, 37) 


EUGENE CALDWELL 
T. G. CRAWFORD 
B. S. Lewis t+ 

C. H. Loutret 

J. J. McBripe 

H. C. E. MEYER 
W. C. MUELLER + 
E. M. Wuirine 
O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


. 1 on Plain Washers, W. L. BAartH 
. 2 on Lock Washers, A. W. MELLOWES 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


* Joint sponsorship with the Society of 
Automotive Engineers and the American 
Gear Manufacturers Association. Sectional 
Committee organized September, 1917. Re- 
organized December, 1926 


A.S.M.E. Members (Total personnel, 15) 


W. J. BELCHER 

C. B. JAHNKE f 
JOSEPH JOY 

L. V. Lupy tf 

D. B. Perry 

G. A. YouneG 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Roller Chain Standardization 
No. 2 on Silent Chain Standardization, G. 
A. YOUNG 


CODE FOR PRESSURE PIPING (B31) 


* Sole sponsorship. Sectional Committee or- 
ganized March, 1926. Reorganized Decem- 
ber, 1937 


A.S.M.E. Members (Total personnel, 101) 


E. B. Ricketts, Chairman 
hk. E. BRYaANnt 
C. S. CoLe 
H. C. Cooper 
D. H. Corry 
SABIN CROCKER 
H. D. Epwarps 
E. R. Fisu 
CHARLES FITZGERALD 
V. M. Frost 
T. W. GREENE 
H. E. HALLER 
W. D. HALsry 
J. S. Haue 
(KE. B. Severs, Alternate) 
H. A. Horrer 
G. G. HOLLINS 
E. L. Hopping 
A. M. Houser 
ALFRED IDDLES 
D. S. JAcosus 
T. M. JASPER 
C. A. KELTING 
G. S. LARSEN 
M. B. MAcNEILLE 
G. W. Martin 
H. C. E. 
J. W. Moore 
(J. D. Capron, Alternate) 
F. H. Moreweap 
(W. W. Crawrorp, Alternate) 
(J. J. HARMAN, Alternate) 
. H. Morgan 
S. Morse 
W. MouLper 
W. Norris 
W. OBERT 
. A. OrRoK 
. L. PENNIMAN, JR. 
S. Ropinson t+ 
H. RoMANN 
. B. RossHEIM 
. W. SAATHOFF 
. K. SAURWEIN 
Lupwie SKoG 
H. 8S. SmMiru 
(H. H. Moss, Alternate) 
F. N. SPELLER 
J. R. TANNER 
J. H. Tayior 
J. H. VANCE 
H. L. WHITTEMORE 
J. H. WILLIAMS 
T. F. 


SUBCOM MITTEE CHAIRMEN 


_ 
_ 


Q 


on Plan, Scope, and Editing, Sasiy 
CROCKER 

on Power Piping, ALFRED IDDLFS 

on Gas and Air Piping, J. 8S. Have 
on Refrigeration Piping, A. H. Bars 
on Oil Piping, A. D. SANDERSON 

on Piping Materials and Identifica 
tion, F. H. MoreHEAD 

No. 8 on Fabrication Details, Lupwi¢ 
. 9 on Code for District Heating Piping 
G. K. SAURWEIN 


vA 


WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society % 

Automotive Engineers. Sectional Committe 

organized November, 1927. Reorganizeé 
November, 1939 


A.S.M.E. Members (Total personnel, 33) 


C. 8. CoLe 

A. P. CorrLe 
J. F. Howe t 
F. G. WILSON t+ 


H. E. HALter 
J. S. Hess 
| 
No 
J. 
Lut 
es 
No. 


ABIN 


WIRE AND SHEET METAL GAGES 


(Continued) 
SUBCOM MITTEE CHAIRMAN 


Wire and Sheet Metal Gages. H. W. TENNEY 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized August, 1928 


ASM.E. Members (Total personnel, 27) 


A. L. Brown, Secretary 
A. F. BREITENSTEIN t 
d. J, 
W. L. Curtiss 
W.E. DuNHAM 
J. J. HARMAN 
(F.C. Ernst, Alternate) 
A. M. Hovser 
H. C. E. MEYER 
J. H. WILLIAMS 


SUBCOMMITTEE CHAIRMEN 


No. 1 to Draft Recommended Specifications, 
J. H. HowLanp 

No. 2 on Basie Thread Dimensions, D. R. 
MILLER 


WROUGHT TRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized April, 1928 


A.S.M.E. Members (Total personnel, 44) 


H. H. Morgan, Chairman 
SABIN CROCKER, Necretary 
J.S. ADELSON 


- H. E. ALpricu 


E. L. Hopping 
(A. B. MorGan, Alternate) 
A. M. Houser t 
D.S. Jaconus 
(FP. S. Crank, Alternate) + 
J.J. KANTER 
H. C. E. Meyer 
F. H. Moreweap 
H. B. Oatiey + 
Lupwig Skoe 
F. N. SPELLER 
J. R. TANNER 
A. E. WHITE 
SUBCOMMITTEE CHAIRMEN 
No. 1 on Plan, Scope, and Editing, H. H. 
MORGAN 
on Pipe and Tubing for Low Tem- 
S perature Service, J. J. SHUMAN 
No. 3 on Pipe and Tubing for High Tem- 
perature Service, J. R. TANNER 
No. 4 on Materials, F. H. MoreHeap 


No. 


PRESSURE AND VACUUM GAGES 


(B40) 
"Sole sponsorship. Sectional Committee 
organized July, 1930 
AS.M.E. Members (Total personnel, 44) 
M. D. ENGLE, Chairman 
A. W. Lenperorn, Seeretary + 
E.J. Bayant 
J.P. Cavanaven 


AS.M.E. SOCIETY RECORDS, PART 1 


DISERENS 

C. H. Grarsser 
W. F. Jones 

R. J. 

J. C. McCune t 

A. H. Morgan 

H. B. ReyNoips 
W. C. SCHOENFELDT 


SUBCOMMITTEE CHAIRMEN 


. 1 on Plan and Scope. M. D. ENGLE 
2 on Definitions, C. F. ScHwepe 
3 on Gage Sizes and Mounting Dimen- 
sions, H. B. ReyNoLps 
. 4 on Accuracy and Test Methods, O. J. 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional Committee 
organized April, 1929 


A.S.M.E. Members (Total personnel, 27) 


F. H. DecHANntT 

L. W. WILLIAMS t+ 
G. H. Wooprorre 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, HeNry Wysor 

No. 2. on Cold Finished Steels, E. 
CREIGHTON 

No. 3 on Hot Rolled Iron 


SPECIFICATIONS FOR LEATHER 
BELTING (B42) 


* Sole sponsorship. Sectional Committee 
organized February, 1931 


A.S.M.E. Members (Total personnel, 28) 


H. T. Coates 

R. W. DRAKE + 
Kine HATHAWAY 
J. Ruoaps 

G. A. SCHIEREN 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Standard Specifications, R. C. 
BoWKER 
No. 2 on Recommendations for Selection, 


Care, Installation, G. A. 


SCHIEREN 


MACHINE PINS (B43) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1926 


A.S.M.E. Members (Total personnel, 14) 


E. J. Bryant 
J. J. McBripe 

H. C. E. MEYER 
O. B. ZIMMERMAN 


SUBCOM MITTEES 


No. 1 on Straight, Taper, and Dowel Pins 
No. 2 on Split Pins 


RI-25 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized May, 1932 


A.S.M.E. Members (Total personnel, 60) 


. WEAVER, Chairman 
E. J. ABBorr 

E. J. BRYANT 

C. S. CoLe 

r. CRAWFORD 

DEALE 

. EBERHARDT 

A. EINSTEIN 

R. F. Gage 

W. W. GILBERT 

J. J. HARMAN 

E. W. Harrison + 
F. V. HartTMAN 

F. O. HOAGLAND 


H. J. Ho_tzcLaw 
R. T. Kent 

H. F. Kurtz 

A. H. Lyon 

M. J. Reep 

Fk. C. SPENCER 

C. C. STEVENS 


J. S. TAWRESEY 
C. H. WHITAKER 
ERNEST WOOLER 


SUBCOMMITTEE CHAIRMEN 


on Surfaces Produced by Tools and 
Abrasives, JOHN CETRULE 

on Surfaces Produced by Molds, Dies, 
Rolls, or Any Other Means of De- 
forming Materials 

on Coated Surfaces, G. B. HoGABsoom 
on Symbols for Indicating Surface 
Quality on Drawings, T. G. CRAWFORD 
on Ways, Means, and Apparatus for 
Measuring Quality of Surface, J. R. 
WEAVER 

on Finance, R. E. W. HARRISON 


to 


9 


No. 4 


No. 5 


No. 6. 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship with the National Safety 
Council. Sectional Committee organized 
June, 1922 


A.S.M.E. Members (Total personnel, 33) 


E. E. ASHLEY 

W. L. BUNKER 
Crossy FIeLp 

E. L. 

H. L. MINeR 

H. S. 
FRANK THORNTON 


SUBCOMMITTEE CHAIRMEN 


Identification by Colors 
Classification, CrosBy FIELD 
Identification Markings Other Than Color 


COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


* Sole sponsorship. Sectional Committee 
organized June, 1933 


A.S.M.E. Members (Total personnel, 21) 


C. E. Bronson, Chairman 
W. G. CurRisty 

JOHN HUNTER 

A. J. JOHNSON 

V.G. Leacu 
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COMBUSTION SPACE FOR SOLID 
FUELS (Continued) 


J. P. Magos 

J. F. McInTIReE 

F. L. MEYER 

C. A. REED 

JOHN VAN Brunt t 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 
No. 2 on Combustion and Design, B. M. 
GUTHRIE 

on Warm Air Furnaces, J. H. MANNY 
on Steel Heating Boilers, W. B. Rus- 
SELL 

on Cast Iron Boilers, J. F. McINTIRE 


No. 3 
No. 4 


No. 5. 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARDIZA- 
TION OF PLUMBING EQUIPMENT 
(A40) 


* Joint sponsorship with the American So- 
ciety of Sanitary Engineering. Sectional 
Committee organized August, 1928 


A.S.M.E. Members (Total personnel, 55) 
C. B. LEPAGE, Acting Secretary 
J. F. CARNEY 
C. S. CoLe 
J. J. Crorry 
A. M. Houser 
G. W. MArtTIN 
(A. H. Morgan, Alternate) 
W. K. McAFEE 
W. R. WEBSTER + 


SUBCOMMITTEE CHAIRMEN 


No. 1 for 


on Minimum Requirements 
Plumbing, W. C. GROENIGER 


No. 2 on Staple Vitreous China Plumbing 
Fixtures, H. R. VAN SCIVER 

No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. Van 
SCIVER 

No. 4 on Enameled Sanitary Ware, J. J. 
HALL 

No. 5 on Traps, A. R. MCGONEGAL 

No. 6 on Brass Plumbing Products, J. L. 
MuvureHy 

No. 7 on Brass Fittings for Flared Copper 
Tubes, F. L. 

No. 8 on Cast Iron Soil Pipe and Fittings, 
J. J. Crorry 

No. 9 on Gasoline, Oil, and Grease Separa- 
tors, J. J. Crorry 

No. 11 on Soldered Fittings for Tubing, A. 


M. Houser 
No. 12 on Minimum Air Gaps in Plumbing 
Systems, W. K. McAFEE 


Joint Committee on Threaded Cast Iron 
Pipe, F. H. Moreneap 


ELECTRIC MOTOR FRAME 
DIMENSIONS (C28) 


* Joint Sponsorship with the National Elec- 
trical Manufacturers Association. Sectional 


Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 29) 


C. A. ADAMS 

S. A. EINSTEIN 

E. W. ELy 

F. S. ENGLisH 
W. F. Jones 

A. G. TRUMBULL ft 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 


* Joint sponsorship with the National Elee- 
trical Manufacturers Association. Sectional 
Committee organized March, 1929 


A.S.M.E. Members (Total personnel, 16) 


E. J. Bryant t¢ 

EARLE BUCKINGHAM 
A. B. Morgan 

E. S. SANDERSON 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the Nociety for the Promotion of Engineer- 
ing Education. Sectional Committee organ- 
ized January, 1926. Reorganized October, 
1935 


A.S.M.E. Members (Total personnel, 37) 


S. A. Moss, Vice-Chairman + 
M. ANDERSON 

(EF. P. WarNeER, Alternate) 
H. Conpitr 
R. J. 8. Preorr 

(S. R. BerrLer, Alternate) t+ 
FRANK THORNTON, JR. 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Letter Symbols and Signs for 
Mathematics, A. A. BENNETT 

No. 2 on Symbols for Hydraulics, J. C. 
STEVENS 

No. 3 on Symbols for Mechanics, R. E. 
PETERSON 

No. 4 on Symbols for Structural Analysis, 
ALBERT HAERTLEIN 

No. 5 on Symbols for Heat and Thermody- 
namics, S. A. Moss 

No. 6 on Symbols for Photometry, E. C. 
CRITTENDEN 

No. 7 on Aeronautical Symbols, G. W. 
LEwIs 

No. 8 on Symbols for Electric and Magnetic 
Quantities, J. F. Meyer 

No. 9 on Symbols for Radio, H. M. TURNER 

No. 10 on Symbols for Physics, H. K. 
HvGHeEs 

No. 11 on Abbreviations for Engineering 


and Scientific Terms, G. A. STETSON 


DRAWINGS AND DRAFTING ROOM 
PRACTICE (Z14) 


* Joint sponsorship with the Society for the 
Promotion of Engineering Education. Sec- 
tional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 53) 


F. DER. FurMAN, Chairman 
C. W. Secretary 
T. G. CRAWFORD 
H. P. FreAR 
T. E. Frencu 
A. C. HARPER 
). R. 
A. M. Houser 
ALFRED IDDLES 
SAMUEL KETCHUM 
F. R. LANEY 
H. B. LANGILLE 


RupoLpH MICHEL 
F. W.. MING 

W. C. MUELLER 

B. NEIL 

J. W. OWENS 

F. C. PANUSKA 
E. S. t 


GRAPHIC PRESENTATION (Z15) 


* Sole sponsorship. Sectional Committee 
organized November, 1926 


A.S.M.E. Members (Total personnel, 31) 


G. E. HAGEMANN, Necretary t+ 
C. M. 

WALLACE CLARK 

T. E. FrReNcH 

D. B. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope 

No. 2 on Terminology 

No. 3 on Preferred Practice for Time 
Series Charts, A. H. RICHARDSON 

No. 4 on Engineering and Scientifie Graphs, 
W. A. SHEWHART 


SPEEDS OF MACHINERY (Z18) 
* Sole sponsorship. Sectional Committee 
organized May, 1928 


A.S.M.E. Members (Total personnel. 29) 


(. M. BigeLow 
J. F. DaGGETT 

R. C. DEALE t 
PAUL DISERENS 

S. ENGLIsu 

D. C. JACKSON 
JoHN 

P. G. Ruoaps 

C. SPENCER 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 

No. 1 on Plan and Scope, A. E, Hate 

No. 2 on Questionnaire and Canvass to In- 
dustry, F. S. ENGLISH 


No. 3—Special Reviewing Committee 


GRAPHICAL SYMBOLS AND ABBRE: 
VIATIONS FOR USE IN 
DRAWINGS (Z32) 


* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit: 
tee organized April, 1936 


AS.M.E. Members (Total personnel. 51) 


). E. ASHLEY 

J. M. BARNES 

T. E. Frencu t¢ 

G. F. Hapacu 

D. T. HAMILTON 

A. M. Houser 
(J. J. HARMAN, Alternate) 

W. C. MUELLER 

L. L. MuNIER 

J. W. OWENS 

F. C. PANUSKA 

M. J. Reep 

T. R. Tuomas 


SUBCOMMITTEE CHAIRMEN 


1 on Symbols for Use in Mechanic@ 
Engineering, T. E. Frencu 

2 on Symbols for Use in Electrical Er 
gineering, H. W. SAMSON 


No. 
No. 
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DEVELOPMENT OF APPLICATIONS 
OF STATISTICS IN ENGINEERING 
AND MANUFACTURING 


Joint Sponsorship with the American NSo- 
ciety for Testing Materials. Appointed in 
December, 1929 


A.S.M.E. Members (Total personnel, 8) 


A. G. ASHCROFT 

W. H. FULWEILER 
L. K. 
J. S. TAWRESEY 


A. S. M. E. Representatives on 
Miscellaneous Standardization 
Committees 


See also AS.M.B. Representatives on Other 
Activities, page 


He 


ACOUSTICAL MEASUREMENTS AND 


is, TERMINOLOGY 


* Sponsor body: Acoustical Society of 
America 


P. H. BILHUBER 
W. B. WHITE 
(R. V. Parsons, Alternate) 
(J. S. PARKINSON, Alternate) 


AERONAUTICS 


* Sponsor body: Society of Automotive 
Engineers 


E. A. Sperry, JR. 


APPROVAL AND INSTALLATION RE- 
QUIREMENTS FOR GAS BURNING 
APPLIANCES 


*Sponsor body: American Gas Association 


» In- O. F. CAMPBELL 


BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILATION 


* Sponsor bodies: Federal Housing Admini- 
stration and U.S. Public Health Service 


ritute F. R. SCHERER 


mmit- 


CLASSIFICATION OF COALS 
*Sponsor body: American Society for 


Testing Materials 


G. BAILEY 


DEFINITIONS OF ELECTRICAL 
TERMS 


"Sponsor body: American Institute of 


Electrical Engineers 


C. H. Berry 


al Ew 
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DRAINAGE OF COAL MINES 
* Sponsor body: American Mining Congress 


O. M. Pruirr 


ELECTRIC WELDING APPARATUS 


* Sponsor bodies: American Institute of 
Electrical Engineers and the National Elec- 
trical Manufacturers Association 


R. E. Kinkeap 


FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


GEAR LUBRICANTS 


Committee of American Gear Manufacturers 
Association 


G. B. WaARELITZ 


LOADING PLATFORMS AT 
TERMINALS AND 


FREIGHT 
WAREHOUSES 
body: American Trucking 
Association 


* Sponsor 
M. C. MAXWELL 


MANHOLE FRAMES AND COVERS 
* Sponsor bodies: A.S.A. Telephone Group 


and American Nociety of Civil Engineers 


ANTON HANSEN 
HlomeR RuPARD 


METHODS OF TESTING WOOD 
* Sponsor bodies: U.S. Forest Service and 
the American Society for Testing Materials 


C. M. BiceLow 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT 
* Sponsor body: American Mining Congress 
(To be appointed) 


PETROLEUM PRODUCTS 
LUBRICANTS 


AND 


body: American Society for 


Testing Materials 


* Sponsor 


G. B. KARELITZ 
(H. J. Masson, Alternate) 
(S. J. Neeps, Alternate) 


PREFERRED NUMBERS 
* Special Committee of A.S.A. 


K. H. Conpir 


RATING OF RIVERS 


* Sponsor body: U.S. Geological Surrey 


D. W. Meap 


ROTATING ELECTRICAL MACHINERY 


* Sponsor bodies: American Institute of 
Electrical Engineers and National Electrical 
Manufacturers Association 


C. A. Boorn, Alternate 
SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 


* Sponsor bodies: American Gas Associa- 
tion, American Society for Testing Ma- 
terials, American Water Works Associa- 
tion, and the New England Water Works 

Association 


J. Grpson 
L. R. Howson 


SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL 


“Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


R. A. SHERMAN 
L. Linpseru, Alternate) 


SPECIFICATIONS FOR FIRE TESTS 
OF BUILDING CONSTRUCTION 
AND MATERIALS 
*Nponsor bodies: A.S.A. Fire Protection 
Group, National Bureau of Standards, and 
the American Society for Testing Materials 
R. C. Parverr 
SPECIFICATIONS FOR SIEVES FOR 
TESTING PURPOSES 


* Sponsor bodies: American Society for 
Testing Materials and National Bureau of 
Standards 


R. M. HarpGRovE 


THERMAL INSULATING MATERIALS 


Committee of American Society for Testing 
Materials 


R. H. HettMan 


VOLUME WATER HEATING 
Committee of American Gas Association 


Mark RESEK 


WIRE ROPE FOR MINES 
* Sponsor body: American Mining Congress 


J. L. HARRINGTON 
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SAFETY TECHNICAL COMMITTEES 


ARTICLE B6A, Par. 25: The Standing Committee on Safety shall advise the Council on the 


activities of the Society having to do with engineering and industrial safety, except the 
activities of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


STANDING COMMITTEE 


T. F. Hatcn, Chairman (1941) 
D. L. Royer (1940) 

_A. W. Luce (1942) 
A 
H 


2. WINDLE (1943) 
. C. Hovueuton (1944) 


SAFETY CODE FOR ELEVATORS (A17) 


* Joint Sponsorship with the American 

Institute of Architects and the National 

Bureau of Standards. Sectional Committee 
organized November, 1922 


A.S.M.E. Members (Total personnel, 41) 


. P. CUMMINGS, Vice-Chairman 
R. CALLAWAY 

D. L. HoLsrook + 

D. L. LinpquistT 

N. O. Linpsrrom t+ 

M. B. McLAauTHLIN 

W. S. PAINE 


SUBCOM MITTEE CHAIRMEN 


Research, Recommendations, and Interpre- 
tations, D. J. PurIntTon 

Inspectors’ Handbook, K. A. CoLAHAN 

Elevator Systems Safe Against Fire, W. 8S. 
PAINE 

Interlocks and 
JONES 


Hoistway Enclosures, B. 


SAFETY CODE FOR MECHANICAL 
POWER-TRANSMISSION APPA- 
RATUS (B15) 


* Joint sponsorship with the International 

Association of Industrial Accident Boards 

and Commissions and the National Conser- 

vation Bureau. Sectional Committee organ- 
ized February, 1921 


A.S.M.E. Members (Total personnel, 31) 


G. M. Chairman + 
P. G. Ruwoaps, Secretary 
C. C. FosTer 
W. W. NICHOLS 
W. S. PAIne 
D. C. Wricut + 
(G. N. VAN DeruHoer, Alternate) + 


SUBCOM MITTEE CHAIRMEN 


on Detail Classification of Belts 
No. 2 on Modification of Rule 223 for Cone 
Pulley Belts 
No. 3 on Mechanical Power Control, W. 8S. 
PAINE 
“No. 4 on Use of ASA Code Versus State 
Codes 
No. 5 on Statistics on Place of Occurrence 
of Accidents 
No. 6 on V-Belt Drives, D. M. JoHNson 
*Note: All of the safety committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 
+ Official A.S.M.E. representative serving 
on this committee. 


_ 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American No- 

ciety of Safety Engineers—Engineering Nec- 

tion, National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 24) 


D. L. Rover, Chairman 
H. D. Epwarps 
W. J. GRAVES 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 


* Joint Sponsorship with the National Con- 

servation Bureau. Sectional Committee or- 

ganized November, 1925, Reorganized, April 
1937 


A.S.M.E. Members (Total personnel, 53) 


D. L. Royer, Chairman 
C. T. Cotzay 
W. J. GRAVES 
M. A. KENDALL t 
(N. W. Emer, Alternate) t+ 
P. T. ONDERDONK 
C. G. PFEIFFER 
R. B. RENNER 
F. J. SHEPARD, JR. 
J. G. WHEATLEY 


SUBCOM MITTEE CHAIRMEN 


on All Types of Chain Conveyors, Belt 
Conveyors, Belt Elevators Including 
Steel Belt, and Screw, Track or 
Scraper Conveyors, C. G. PFEIFFER 
on Gravity Conveyors and Chutes, 
Live Roll Conveyors, H. G. DALTON 
No. 3 on Cable-Operated and Cable Flight 
Conveyors and Cableways, R. McA. 
KEOWN 

on Air, Steam. or Liquid Conveyors, 
J. J. MCNULTA 

5 on Tiering, Piling, and Stacking Con- 
veyors, J. G. WHEATLEY 


A 
to 
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SAFETY CODE FOR CRANES, DER- 
RICKS, AND HOISTS (B30) 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Nectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 56) 


Lewis Price + 

F. H. ScHWERIN 
R. H. WHITE t 

H. L. WHITTEMORE 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Overhead and Gantry Cranes, R. 
H. WHITE 

No. 2 on Locomotive and Tractor Cranes, 
H. H. Vernon 

No. 3 on Derricks and Hoists, Lewis PRIcE 

No. 4 on Miscellaneous Equipment for 
Cranes and Hoists, L. W. Hopkins 

No. 5 on Jacks, E. W. CARUTHERS 


A.S.M.E. Representatives on 
Other Safety Committees 


Nee also AWS.M.E. Representatives on Other 
Activities, page RI-5 
SAFETY CODE FOR ABRASIVE 
WHEELS 
*Nponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 


Canada,and International Association of In- 
dustrial Accident Boards and Commissions 


J. B. CHALMERS 
SAFETY CODE FOR CONSTRUCTION 
WORK 


* Sponsor bodies: American Institute of 
{rehitects and National Safety Council 


O Nex. 


COOPERATION WITH OTHER ENGI- 
NEERING SOCIETIES 


Committee of American Nociety of Safety 
Engineers—Engineering Section, National 
Safety Council 


H. L. Miner 


ASA SAFETY CODE CORRELATING 
COMMITTEE 


D. L. Rover 
(J. B. CHALMERS, Alternate) 


SAFETY CODE FOR EXHAUST 
SYSTEMS 


* Sponsor body: International Association 
of Industrial Accident Boards and Com 
missions 


T. F. Hatrcu 
SAFETY CODE FOR FLOOR AND WALL 


. OPENINGS, RAILINGS, AND 
TOE BOARDS 


* Sponsor body: National Safety Council 
A. E. WINDLE 
SAFETY CODE FOR FORGING AND 
HOT METAL STAMPING 


* Sponsor bodies: American Drop Forging 
Institute and National Safety Council 


C. F. Park 
SAFETY CODE ON COLORS FOR 


IDENTIFICATION OF GAS 
MASK CANISTERS 


* Sponsor body: National Safety Couneil 


L. C. Licuty 


| 
Ss 
: 
4 


f 


al 


ion 


neil 


SAFETY CODE FOR LADDERS 


* Sponsor body: American Society of Safety 
Engineers--Engineering Section, National 
Nafety Council 


H. C. Hovgnron 


SAFETY CODE FOR LAUNDRY 
MACHINERY AND 
OPERATION 


* Sponsor bodies: American Institute of 
Laundering, International Association of 
Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 
SAFETY CODE FOR LIGHTING 
TORIES, MILLS. AND OTHER 
WORK PLACES 


* Sponsor body: 


FAC 


Illuminating Engineering 
Nociety 


A. W. Luce 


LOW VOLTAGE ELECTRICAL 
HAZARDS 


Special Committee of the American Nociety 
of Safety Engineers—Engineering Nection, 
National Safety Council 


J. P. JACKSON 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION 


“Sponsor body: American Society of 
Refrigerating Engineers 
O. A. ANDERSON 
Crosspy FIELD 
E. W. GALLENKAMP 
W. F. Jones 
(A. W. OAKLey, Alternate to all AS.M.EP. 
Representatives) 
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SAFETY CODE FOR PAPER AND 
PULP MILLS 


* Sponsor body: National Safety Couneil 


R. L. 


SAFETY CODE FOR POWER PRESSES, 
AND FOOT AND HAND PRESSES 


* Sponsor hody: National Safety Council 


J. B. CHALMERS 


SAFETY CODE FOR PREVENTION 
OF DUST EXPLOSIONS 


* Sponsor bodies: National Fire Protection 
(ssociation and U.S. Department of Agri- 
culture 


J. H. Morrow 
(R. M. Ferry, Alternate) 


SAFETY CODE FOR PROTECTION OF 
HEADS. EYES, AND RESPIRA- 
TORY ORGANS OF INDUS- 
TRIAL WORKERS 


* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
(T. F. Hatcn, Alternate) 


SAFETY CODE FOR PROTECTION OF 
INDUSTRIAL WORKERS IN 
FOUNDRIES 


* Sponsor bodies: 
Association 


American Foundrymen’s 
and National Founders Asso- 
ciation 


H. M. LANE 


RI-29 
SAFETY CODE FOR RUBBER 
MACHINERY 


* Sponsor bodies: National Safety Council 
and International Association of Industrial 
Accident Boards and Commissions 


E. S. AULT 
SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS 


* Sponsor bodies: National Conservation 
Bureau and National Bureaw of Standards 


T. A. WALSH, Jr. 


SAFETY CODE FOR TEXTILES 
* Sponsor body: National Safety Council 


M. A. Jr. 


SAFETY CODE FOR VENTILATION 
* Sponsor body: American Nociety of Heat- 
ing and Ventilating Engineers 
T. F. Harcu 
SAFETY CODE FOR WALKWAY 
SURFACES 


* Sponsor bodies: American Institute of 

Architects and American Society of Safety 

Engineers—Engineering Section, National 
Nafety Couneil 


G. K. PALSGROVE 
SAFETY CODE FOR WORK IN 
COMPRESSED AIR 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


L. J. Erpsen 
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POWER TEST CODES TECHNICAL COMMITTEES 


ARTICLE B6A, Par. 


af: 


The Standing Committee on Power Test Codes shall, under the 


direction of the Council, have supervision of all the activities of the Society in connection 
with the A.S.M.E. Power Test Codes, including the interpretation of such codes. 


The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical com- 
mittees appointed to develop particular codes. This work began in 188}. 


STANDING COMMITTEE 


FRANCIS HopGKINSON, Chairman (1944) 
A. G. CHRISTIE, Vice-Chairman (1941) 


W. W. LAWRENCE, Junior Observer (1940) 


Term expires 1940 


A. T. Brown 

P. H. Harpie 

B. V. E. NorpBERG 
R. J. S. Preorr 
M. C. Stuart 


Term expires 1941 
A. G. CHRISTIE 
DISERENS 
G. A. OrRoK 
L. A. QUAYLE 
W. M. WHITE 


Term expires 1942 


W. A. CARTER 
Harte CooKE 

E. R. FIsu 

H. B. Oatley 

W. J. WoHLENBERG 


Term expires 1943 


Lovis ELLIorr 
G. A. HORNE 
H. B. REYNOLbS 
P. W. SWAIN 
E. N. TRUMP 


Term erpires 1944 
C. H. Berry 
D. S. JAcoBUs 
FRANCIS HopGKINSON 
L. F. Moopy 
E. B. RICKETTS 


(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 
Reorganized, 1939 


THEODORE BAUMEISTER, JR., Chairman 
PatL DISERENS 

HENRY KREISINGER 

A. R. MuMrForp 

C. R. SODERBERG 

M. C. Stuart 

P. W. Swain 


(2) DEFINITIONS AND VALUES 


Appointed December, 1918 
Reorganized, 1936 


R. J. 8S. Pieorr, Chairman 
L. J. Brigees 

W. F. Davipson 

A. L. KIMBALL 

L. S. Marks 

F. G. PHILo 

J.C. SMALLWoop 

P. W. Swain 

A. C. Woop 


(3) FUELS 
Appointed December, 1918 


W. J. Chairman 
E. G. BAILEY 

B. L. Boye 

L. P. BRECKENRIDGE 
H. W. Brooks 

S. B. FLage 

). M. MyYers 

G. PHILO 

S. Pope 

E. B. Ricketts 

F. M. Rogers 

E. X. SCHMIDT 
NICHOLAS STAHL 

E. N. Trump 


(4) STATIONARY STEAM-GENERAT- 
ING UNITS 


Appointed December, 1918 


E. R. Fisn, Chairman 
A. D. BAILey 

M. W. BENJAMIN 
B. J. Cross 
MAartTIN FRISCH 
P. H. HARDIE 

R. M. HarpGrove 
ALFRED IppDLES 

E. L. LInpsetH 
E. L. McDonatp 
E. B. 

SHELLENBERGER 
i. L. SPENCER 


(5) RECIPROCATING STEAM 
ENGINES 


Appointed December, 1918 
Reorganized, 1931 


A. G. CurIstie, Chairman 
HArRTE COOKE 

S. M. Davipson 
HENRIK GREGER 

J. A. HUNTER 

H. G. MUELLER 

Bb. V. E. NorpBERG 

A. V. SAHAROFF 

A. G. WITTING 


(6) STEAM TURBINES 
Appointed December, 1918 


C. H. Berry, Chairman 
I. E. Moutrrop, Secretary 
O. D. H. BENTLEY 

W. E. CALDWELL 

C. B. CAMPBELL 

A. G. CHRISTIE 

H. P. DAHLSTRAND 

V. M. Frost 

A. E. GRUNERT 
FRANCIS HopGKINSON 
S. A. Moss 

R. O. MULLER 

T. E. PURCELL 

G. B. WARREN 


(7) RECIPROCATING STEAM-DRIVEN 


DISPLACEMENT PUMPS 
Appointed December, 1918 


R. D. HALL, Chairman 
H. Brown 

J. N. CHESTER 

J. E. Gipson 

G. L. KoLLBerG 

M. B. MACNEILLE 

D. W. Mrap 

L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 


Appointed December, 1918 
Reorganized, 1936 


M. B. MAcCNEILLE, Chairman 
H. E. Beckwitru 
t. L. DAUGHERTY 
G. FoLtsom 

t. C. GLAZEBROOK 
W. B. Grecory 

R. T. KNapp 

J. B. LINCOLN 

F. Moopy 
ARVID PETERSON 
H. Rogers 

W. C. Rupp 
MAX SPILLMAN 
G. Switzer 

W. M. 

I. A. WINTER 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized, 1935 


PAUL DISERENS, Chairman 
G. T. FeELBECK 

C. R. Hovuguron 

J. F. HUVANE 

R. M. JOHNSON 

J. F. D. Smiru 


(10) CENTRIFUGAL AND TURBO: 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized, 1929 


A. T. Brown, Chairman 
EK. L. ANDERSON 
C. A. Booru 

W. H. CARRIER 
THOMAS CHESTER 
L. E. Day 

E. S. DEAN 

Z. G. Deutscu 
S. H. Downs 

P. E. Goop 

J. J. Gros 

H. F. HAGEN 
PauL HOFFMAN 
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H. D. 
A. L. KIMBALL 
k. D. Mapison 
L. S. MARKS 
Arvip PETERSON 
H. F. Scumipr 
M. C. Stuart 


(11) COMPLETE STEAM POWER 
PLANTS 


{ppointed December, 1918 
Reorganized, 1933 


M. Van DeveNnTER, Chairman 
D. S. Secretary 

W. F. Davipson 

C. H. FELLows 

A. FORESMAN 

\. M. Frosr 

W. W. JoHNSON 

W. Norris 

H. S. 


(12) CONDENSERS, WATER HEAT- 
ING, AND COOLING EQUIPMENT 


Appointed December, 1918 


G. A. Orrok, Chairman 
P. H. Harpir, Secretary 
C. H. BAKER, JR. 

t. N. EMRHART 

J. F. GRACE 

D. W. R. Morgan 

H. B. ReyNonps 

P. 


(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 
Reorganized May, 1939 


B. H. JENNINGS, Chairman t 
A. BUENSOD 
(R. W. WATERFILL, Alternate) 
J. C. CONSLEY 
(H. B. PowNALL, Alternate) 
H. A. Fe_pBusH t 
WALTER JONES ¢ 
A. W. OAKLEY 
C. L. SvENSON 
Frank ZuMBrRo 


(14) EVAPORATING APPARATUS 
Appointed December, 1918 
E. N. Trump, Chairman 
B. \. Bump 
A. NEWHALL 


H. L. Parr 
L. C. Rogers 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


E. C. Scumipt, Chairman 
W. F. KIESEL, JR. 

t Official A.\S.M.LE. representatives serving 
on this committee. 
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H. B. OatLey 

G. E. Ruoaps 

L. K. 
Wooparp 


(16) GAS PRODUCERS 


Appointed December, 1918 


. D. Smirn 
H. F. Smiru 


(17) INTERNAL-COMBUSTION 
ENGINES 


tppointed December, 1918 


Reorganized, 1939 


LEE SCHNEITTER, Chairman 
F. H. DurcHer, Secretary 
J. C. BARNABY 
HARTE COOKE 
H. Kk. 
W. L. He. 
L. R. Forp 
L. B. JACKSON 
kK. J. KATES 
. ©. MAGDEBURGER 
B. V. NorpperG 
M. J. Reep 
MAX Rorrer 
©. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 


{ppointed December, 1918 


Reorganized, 1931 


S. L. Kerr, Chairman 
ALLEN 

L. M. Davis 

H. L. 
W. F. DuRAND 

H. N. Eaton 

N. R. Gipson 

J. P. Growpon 

H. Hoge 

J. Hooper 

W. HUBBARD 

. C. HvutTCHINSON 
McCorM ack 
F. Moopy 

. RHEINGANS 
B. STROWGER 

. V. TERRY 

M. WHITE 


(19) INSTRUMENTS AND APPARATUS 


Appointed, December, 1918 


W. A. Carter, Chairman 
C: M. ALLEN 
W. C. ANDRAE 
k. G. BAILEY 
H. S. BEAN 
L. J. Briges 
D. Davis 
K. J. De Junasz 
R. FE. Ditton 
F. M. FARMER 
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J. B. GRUMBEIN 
W. W. JOHNSON 
W. H. KENERSON 
E. S. Lee 

E. L. LInpseru 

OSBORN MONNETT 
S. A. Moss 

R. J. S. Pieorr 

k. B. Ricketts 

W. A. SLOAN 

R. B. SmMirH 

I. M. STern 


(20) SPEED-RESPONSIVE 
GOVERNORS 


Appointed December, 1921 


FRANCIS HODGKINSON, Chairman 
HARTE COOKE 
H. Rogers 


(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. ENGLE, Chairman 
OLLISON CRAIG, Necretary 
L. ANDERSON 

A. D. BAILey 

H. H. BuBar 

W. G. CHRISTY 

H. O. Crorr 

J. M. DALLAV ALLE 

H. C. DoHRMANN 
PHiLie DRINKER 

J. W. FEHNEL 

H. F. HAGen 

P. H. Harpe 

C. W. HEDBERG 

J. H. Leecu 

H. E. MAcoMBER 

H. B. MELLER 

H. C. 

Bb. F. 


A.S.M.E. Representatives on 

Other Technical Committees 

See also AWS.M.E. Representatives on Other 
Activities, page RI-5 

DEVELOPMENT OF DEFINITIONS FOR 

THE NET CALORIFIC VALUE 
AND GROSS CALORIFIC 
VALUE OF FUELS 
Nponsor body: American Society for 


Testing Materials 


W. J. WoHLENBERG 


COMMITTEE ON REDEFINING SO- 
CALLED STANDARD TON OF 
REFRIGERATION 


Nponsor body: American Society of 
Refrigerating Engineers 


G. B. Brienr 
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BOILER CODE COMMITTEES 


ArRTICLE B6A, Par. 26: The Special Committee on Boiler Code shall, under the direction 
of the Council, have supervision of all the activities of the Society in connection with the 
A.S.M.E. Codes for Pressure Vessels, including the interpretations of these codes. 


The first Special Committee on Boiler Code was organized in September, 1911. 


SPECIAL COMMITTEE L. C. Prat, Nashville, Tenn. HEATING BOILERS 


E. K. Sawyer, Maine 

D. 8S. Jacosus, Chairman A. H. ScHLEMAN, Tampa, Fla. C. E. Gorton, Acting Chairman 
E. R. Fisu, Vice-Chairman J. F. Scorr, New Jersey C. E. Bronson 
C. W. OBERT, Honorary Secretary J. N. Seiger, Evanston, IIl. J. A. Darts 
M. Jurist, Acting Secretary Cc. I. Smiru, Utah Wa. FERGUSON 
C. A. ADAMS H. B. Smiru, North Carolina W. Srark 
Wa. E. Hawaiian Islands J. W. TURNER 
H. C. BoarpMAN Joun H. THorpr, Michigan 
PERRY CASSIDY 
R. E. Cecit MATERIAL SPECIFICATIONS 
EXECUTIVE COMMITTEE Perry Cassipy, Chairman 
M A. M. GREENE, JR. 

D. S. Jacosus, Chairman W. G. 
Co Gorton H. Avpricu, Vice-Chairman J. O. LEECH 
A. M. GREENE, JR. E. R. Fisu P. J. Smitu 
W. G. Humpton V. M. Frost A. C. WEIGEL 
J. O. Leecn C. E. Gorton 
I. E. MouLtrop C. W. Operr 
C. O. MYERS JAMES PARTINGTON MINIATURE BOILERS 
H. B. OaTrLey 
JAMES PARTINGTON C. Chairman 

7 H. FURMAN 
A. WEIGEL BorLers oF Locomotives 


Honorary Members ee Chairman NONFERROUS MATERIALS 
W. H. BorHM J. M. H. B. OatLey, Chairman 
F. W. DEAN H. B. OatLey J. J. AULL 
W. F. Duranp D. K. CRAMPTON 
T. E. DurBaNn J. R. FREEMAN, JR. 
Cc. L. Huston CARE OF STEAM BOILERS AND OTHER A. M. Houser 
W. F. KIeseEt, Jr. PRESSURE VESSELS IN SERVICE F. P. Huston 
H. LeRoy Wuirney R. L. 
CONFERENCE COMMITTEE FRANK HENRY Power Boers 
J. A. HUNTER 
W. E. ALLEN, St. Louis, Mo. H. J. Kerr H. E. Avpricnu, Chairman 
T. R. ArRcHER, Delaware P. B. PLace PERRY CASSIDY 
L. M. Barrincer, Seattle, Wash. S. T. POWELL E. R. Fisu 
J. G. Botiock, St. Joseph, Mo. C. W. Rice V. M. Frost 
B. M. Book, Pennsylvania J. B. ROMER D. L. Royer 
H. S. Brunson, Minnesota W. ©. SCHROEDER A. C, WEIGEL 
Crty Borer INspector, Parkersburg, NICHOLAS STAHL 
W. Va. F. G. STRAUB 
E. S. Carpenter, Rhode Island RULES FOR INSPECTION 
L. M. Cave, Maryland (This subcommittee is being reorganized) 
A. J. Conway. Indiana Ferrous MATERIALS 
M. A. Epéar, Wisconsin 
C. W. Foster, Omaha, Neb. D. B. RossHerm, Chairman SpeciaL 
E. M. Frrzceranp, Louisiana A. B. Bagsar 
M. R. Francis, West Virginia E. C. CHAPMAN Dd; B. WeEsstTROM, Chairman 
W. H. Furman, New York A. J. ELY H. C, BoarpMANn 
F. D. Garvin, Houston, Tex. H. J. FRENCH E. 
GeRALD GeaROoN, Chicago, Il. W. R. Grunow W. GREENE 
J. M. Grutespre, Tulsa, Okla. M. B. Hiceins D. B. RossHEIM 
. C. H. Gram, Oregon W. G. HuMPTON W. H. Rowanp 
B. GRETZKE, Washington A. HURTGEN 0. W ATERS 
F. A. Heckrncer, Memphis, Tenn. gi McLean JASPER F. S. G. WILLIAMS 
H. K. District of Columbia 
JOE KUNSCHIK, Texas EN NEY if PRESSURE VESSELS 
G. A. Luck, Massachusetts H. J. Kerr Unrinep Pressure Vesst 
R. B. McCotitum, Kansas City, Mo. A. B. KINZEL E. R. Fisu, Chairman : 
C. E.“McGinnts, Los Angeles, Calif. L. J. Mason Cc. A. ADAMS 
H. H. Detroit, Mich. N. L. C. E. Bronson 
C. O. Myers, Ohio L. Roprnson « R. E. 
J. D. Newcomes, Jr., Arkansas S. K. VARNES PauL DISERENS 
y. L. Newton, Oklahoma A. E. WHITE H. S. Smiru 
. A. Page, California R. WILson D. B. WeEsstTROoM 
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WELDING SPECIAL COMMITTEE ON COORDINATION RULES FOR OPENINGS 

Members of A.S.M.E. Boiler Code V.M. Frost, Chairman T. D. Tirer, Chairman 
Committee 

EXTENSION OF FUSION WELDING 


JAMES PARTINGTON, Chairman 
REQUIREMENTS 


E. C. CHAPMAN 


SAFETY VALVE REQUIREMENTS 


H. E. Chairman H. B. Oartey, Chairman 

J.C. 

R. K. Hopkins FEEDWATER 

PJ. PHILLips APL-ASME N UNFIRED 
L. A. SHELDON C. W. Rice, Chairman PRESSURE VE an LS 


mbers of Conference Committee o 
Members of Conferenc a, f ISSUANCE OF CopE SYMBOL STAMPS WALTER SAMANS, Chairman 
American Welding Society 


C.W. Opert, Chairman C. O. Myers, Chairman A.N.M.E. Representatives 


A. ADAMS R. E. Cecin 
H. C. BOARDMAN RADIOGRAPHIC EXAMINATION OF WELDED E. R. Fisu 
W ALTER Sam ANS JOINTS S. Jacosus 
A.C. WEIGEL T. McLEAN JASPER 


A. ADAMS, Chairman JAMES PARTINGTON 


SPECIAL COMMITTEES 
A.PI. Representatives 
J. 
K. V. KING 
(P. D. McELFisn,. Alternate) 
R. C. POWELL 
WALTER SAMANS 
S. K. VARNES, Chairman D. B. Wesstrom. Chairman T. D. Trerr 


REVISION or Section VIIL or tHe A.S.M.E. 


APPROVAL OF NEW MATERIALS BoILer Cope 


A. ADAMS, Chairman E. R. Fisu, Chairman 


CLAD VESSELS RULES FOR BoLTED FLANGED CONNECTIONS 


THE WOMAN’S AUXILIARY TO THE A.S.M.E. 


The Woman's Auxiliary to the A.S.M.E. was organized on May 10, 1923. and its Constitu- 
tion and By-Laws was approved by the Council of the A.S.M.E. on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to the interest of the pro- 
fession of mechanical engineering; to cooperate with any committees of the A.S.M.E.; and 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects con- 
sistent with the aims or objects of the A.S.M.E. 

OFFICERS CLEVELAND 
President, Mrs. George W. Farny Chairman, Mrs. Harry A. SCHWARTZ 
First Vice-President, Mrs. CoLLins P. BLiss Vice-Chairman, Mrs. T. F. GIrTHENS 
Second Vice-President, Mrs. CALVIN W. Rice Secretary, Mrs. E. R. McCartuy 
Third Vice-President, Mrs. Crospy FIELD Treasurer, Mrs. H. L. SPENCE 
Fourth Vice-President, Mrs. J. Page HARBESON 
Fifth Vice-President, Mrs. Harry A. SCHWARTZ 
Recording Secretary, Mrs. CHARLES H. Fay Chairman. Mrs. BERNARD TOBEN 
Corresponding Secretary, Mrs. F. M. Gibson Secretary, Mrs. Witpur W. REAsER 
Treasurer, Mrs. A. H. Morgan Treasurer, Mrs. WILLIAM T. PowELL 


Los ANGELES 


METROPOLITAN 


Chairman, Mrs. E. C. M. STany 
First Vice-President, Mrs. J. LANpbIS 
Second Vice-President, Mrs. R. B. Purpy 
Third Vice-President, Mrs. W. TALLMADGE 
Recording Secretary, Mrs. C. H. Youne 
Corresponding Secretary, Mrs. A. C. CoONRADT 
Treasurer, Mrs. CHARLES GUS 


STANDING COMMITTEE CHAIRMEN 


Education, Mrs. Roy V. Wricut 
ized) Membership, Mrs. George E. HAGEMANN 
Publicity and Custodian, Miss Burtre HAAR 


COUNCIL REPRESENTATIVES 
To be appointed 


OFFICERS OF LOCAL SECTIONS 
BALTIMORE 
Chairman, Mrs. D. E. Donovan 
Vice-Chairman, Mrs. A. G. CHRISTIE 
Secretary, Mrs. J. H. BERRYMAN 
Treasurer, Mrs. Louts F. Corrin 


PHILADELPHIA 


Chairman, Mrs. J. PAGE HArBEson, Jr. 
Vice-Chairman, Mrs. E. F. Zener 
Recording Secretary, Mrs. Justin McCartuy 
Corresponding Secretary, Mrs. F. E. WASHBURN 
Treasurer, Mrs. WILLIAM F. GLIMM 
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The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
AS.M.E. Other awards available to Student Members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards will be 
found in a series of articles beginning in the October, 1938, issue 
of Mechanical Engineering. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-37. 

Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benefit. 

Worcester Reed Warner Medal, provision for which was made 
in the will of Worcester Reed Warner, Honorary Member of the 
Society, is a gold medal to be bestowed, together with an en- 
graved certificate, on the author of the most worthy paper received. 
dealing with progressive ideas in mechanical engineering or ett- 
ciency in management. 

Melville Medal, established in 1914 by the bequest of Rear- 
Admiral George W. Melville, Honorary Member and Past-Presi- 
dent of the Society, to be presented, together with an engraved 
certificate, for an original paper or thesis of exceptional merit, 
presented to the Society for discussion and publication, to encour- 
age excellence in papers. The medal may be presented annually. 

Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation ot its 
Board of Honors and Awards. 

Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted by a Junior Member. 

Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to the young mechanical engineer for outstanding 
achievement in his profession within the ten years after graduation 
from a regular four-year mechanical engineering course of a 
recognized American college or university. Any mechanical engi- 
neering graduate, not more than thirty-five years of age, whose 
achievement has been all or in part in any field including indus- 
trial, educational, political, research, civic, etc., is eligible. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper within 
the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board of Honors and 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairman of the Student 
Branches. 

Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 

awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 
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AWARDS 


SCHOLARSHIPS AND LOAN FUNDS 
Maw Toltz: Loan Fund of $15,000 established by Major Max 


Toltz, former member of the Council of the Society, the income to | 

be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auvriliary: Scholarship or Fellowship offered by th 
Woman's Auxiliary to the Society to assist sons and daughters of | 
members or worthy students of mechanical engineering. 

] 
RECIPIENTS OF AWARDS 

The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers tor which the awards were mack 
There were no awards for the years not listed. 1 

MepAL 

1921 HgALMAR GOTFRIED CARLSON, in recognition of the services 1! 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark ILL drawn steel booster 
casings used principally as a component of 75-mm | 
explosive shells, but also used extensively in gas shells and li 
bombs 

1922. FREDERICK ARTHUR HALSEY. tor his paper deseribing 
premium system of wage payments presented betor: 19 
Society at the Providence Meeting in 1891, as the adopt 
of the methods there proposed has had a profound effect 
toward harmonizing the relations ot worker and employe: 

1923) JouNn RiIptey FREEMAN, for his eminent service in eng 19 
neering and manufacturing by his meritorious work in fre 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions 19 
science and engineering 

1927. Wiutrrep Lewis, for his contributions to the design and 
struction of gear teeth 19; 

1928 JULIAN KENNEDY, for his services and contributions to tl: 
iron and steel industry 

1929) LeRoy Emer, for his contributions in the 
velopment of the steam turbine, electric propulsion of slips 
and other power-generating apparatus 199 

1931 ALBERT Kinespury, for his research and development 199 
in the field of lubrication 193 

1933. AMBROSE Swasey, for his contributions to the advancemen! = 
of the engineering profession and for his part in the deve 
ment of the turret lathe and the astronomical telescoy: 

1934. Wiis H. CARRIER, in recognition of his research and 193 
velopment work in air-conditioning 

1935 CHARLES T. MAIN, for distinguished achievements 
textile and other industries, in engineering education 193 
for eminent service to the engineering profession 

1936 Epwarp Bauscn, for meritorious mechanical developmen 193; 
in the field of optics 

1937 Epwarp P. BULLARD, for outstanding leadership in the 193: 
velopment of station-type machine tools 193¢ 

1938 STEPHEN J. Picort, for outstanding leadership in ma 
propulsion and construction 1937 

1939 JamES E. GLEASON, for service to the cause of sate 
better transportation. 1938 

MeDAL 1939 

1924 HwsALMAR GOTFRIED CARLSON, for his inventions and pre 
esses which made possible the timely production ot dra® 
steel booster casings for artillery ammunition, thereby 
ing victory in the World War (diploma in recognition 
achievements presented in 1921) 1929 

1927 ELMER AMBROSE SPERRY, for achievements and q 
that have advanced the naval arts, including the gyroscom JR 1932 
that has freed navigation from the dangers of the fluc 
ating magnetic compass 1935 

1929 Baron, Supa, for his contributions to kno’ 
edge through fundamental research, including the tee 

aerodynamics, by the development of ultra-rapid kinems? 


graphic methods. 
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1936 


1937 


1938 


1939 


1934 


1935 


1936 


1937 


1938 


1939 


1927 
1929 
1930 


1931 


1935 
1936 


1937 
1938 


1939 


1929 
1932 


1935 


1938 
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IRVING LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil tilms 

HeNrY Forp, for revolutionary intluence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FREDERICK G. CorrreLL, for preeminent public service—the 
invention of electric precipitation—advancement of the sci- 
ence of gas liquefaction—gifts for engineering research 
FRANCIS HovGKINSON, for meritorious services in the devel- 
opment of the steam turbine 

CarRL E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages. 


WokRcCESTER REED WARNER MEDAL 


Dexter S. KIMBALL. for his contributions to eflicienecy in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

RaLpu E. FLANpeERS, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
ot the design of elastic structures and the treatment of 
dynamics of moving machinery 

CHARLES M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE F. HIRSHFELD, for his research and contributions 
to the theory and practice ot heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment 

RUPEN EKSERGIAN, for influential papers of permanent value 
in A.S.M.E. Transactions. 


MELVILLE MerDAL 


Leon P. ALrorp, “Laws of Manufacturing Management” 
JosepH W. Ror, “Principles of Jig and Fixture Practice” 
HERMAN DrepeRICHS and WILLIAM D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

ARTHUR E. GRUNERT, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 
ALEXEY J. STEPANOFFP, 
Centrifugal Pumps” 
WittiaAmM E. CALDWELL, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscak R. WIKANDER, “Draft-Gear Action in Long Trains” 
H. A. Srevens HowartH, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
ALFRED J. Bitcut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Liperz, “Air Resistance of Railroad Equip- 
ment 

Lester M. GotpsmirH, for his paper, “High-Pressure High- 
Temperature Turbine-Electric Steamship J. W. Van Dyke.” 


“Leakage Loss and Axial Thrust in 


Spirit OF SAINT Louis MEDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

PauL LITCHFIELD, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

Witt Rogers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the press, 
over the radio, and from the speaker’s platform 

JAMES H. Doouitrie. for meritorious service in the advance- 
ment of aeronautics. 


1916 
1919 


1921 


1922 


1923 


1924 


1925 
1927 
1928 
1929 
1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 


1938 


1938 


1939 


1925 


1926 


1927 


1928 


1929 
1930 


1931 


1932 


1933 


1934 


1935 


JUNIOR AWARD 


Ernest O. HicksTe1n, “Flow of Air Through Thin Plate 
Orifices” 

L. M. McMittan, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. Hettman, “Heat From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees 
Fahrenheit” 

F. L. Kattam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and S. Crocker, “The Elasticity of 
Bends” 

R. H. Herem an, “Heat Losses Through Insulating Material” 
Gitpert S. SCHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

WILLIAM M. FRAME, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. AIsensteEIN, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 
Artuur M. Heavy, 
Helical Springs” 

Ep SINCLAIR SMITH, “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
EpMOND M. WAGNER, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surtace Condenser Design and Operat- 
ing Characteristics” 

JouHNn I. YeELtorr, Jr., “Supersaturated Steam” 

STANLEY J. Mikina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MULLIKAN, JR., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces” 

J. Hooper, “American Hydraulic-Laboratory Prac- 
tice” 

ARTHUR C. STERN, “Separation and Emission of Cinders and 
Fly Ash.” 


Li 


Pipe 


“Stresses in Closely Coiled 


Pr Tatu MEDAL 


Witrrip E. JouNnson, for his development work in the field 
of refrigeration 

Joun I. YELLorr, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
ot Flowing Steam in Diverging Nozzles.” 


CHARLES T. MAIN AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: ‘The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Rosert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

No award. Subject: “The Influence of Engineering on Farm 
Production” 

JULES PopNossorF, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Rogert E. Kutse, University of Michigan. Subject: “Inter- 
changeability—-Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
GroRGE D. WILKINSON, JR.. Newark College ot Engineering. 
Subject: “Progress in the Prevention of Smoke and Atmos- 
pherie Pollution” 

P. Colorado State College, Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 
fare” 

G. LoweLL WILLIAMS, Lafayette College. Subject: “Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 


Subject: 
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1917 


1919 


1920 


1921 
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No award. Subject: “Development in the Generation and 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. STERN, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. CoNNOLLY, University of Detroit. Subject: 
“Economic Limitations in Engineering Design, With Con- 
crete Examples” 

James R. Brigut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases.” 


STUDENT AWARD 


Boynton M. GREEN, Stanford University, “Bearing Lubri- 
cation” 

Howarp E. STEvENS, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Apam, Louisiana State University, “The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. and C. W. The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 

C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 

W. E. Hetmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 

Howarp G. ALLEN, Cornell University, 
Through Paper” 

H. University of Kansas, “Forces in Rotary 
Motors” 

Ricuarp H. Morris and Apert J. R. Houston, University 
of California, “A Report Upon an Investigation of the Her- 
schel Type of Improved Weir” 

CHARLES F. OLMSTEAD, University of Minnesota, “Oil Burn- 
ing for Domestic Heating” 

H. E. Doouirrie, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 

GrEoRGE STUART CLARK, Stanford University, “Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants” 

L. J. FRANKLIN and CHARLES H. Smirn, Stanford Univer- 
sity, “The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

Harry PEASE Cox. JR., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 

W. S. Monreomery, Jr., and E. Ray Enpers, Jr., Pennsy]- 
vania State College, “Some Attempts to Measure the Draw- 
ing Properties of Metals” 

R. E. Peterson, University of Illinois, “An Investigation of 
Stress Concentration by Means of Plaster of Paris Speci- 
mens” 

G. Hearp, University of Toronto, “Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips— 
Model Tests” 

ALFRED H. MARSHALL, Princeton University, “Evaporative 
Cooling” 

Rocer Irwin Epy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 


“Wire Stitching 


1928 


1929 


1930 


1931 


1932 


1933 


1934 


1935 


1936 


1937 


1939 


1927 
1928 
1929 
1931 
1932 
1933 
1934 
1935 
1936 


CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BuistroM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE Wuirtr, University of Washington, “An 
Investigation of a Rotary Pump” 

GERARD EDEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

HaroLtp L. ApbAMS and Ricuarp L. Srirn, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

JULES PopNnossorr, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, “Factors Atfect- 
ing Spray Pond Design” (Undergraduate Award) 

Wittiam A. Mason, Stanford University, “An  Experi- 
mental Investigation of the Flame Propagation in Internal: 
Combustion Engines” (Postgraduate Award) 

Hugo V. Corptano, Polytechnic Institute of Brooklyn 
“Thermal Analysis of Lithium-Magnesium System of <Al- 
loys” (Undergraduate Award) 

JAMES A. OSTRAND, JR... Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award ) 
H. Reynotps Hupson, Georgia School of Technology. 
namie Balance and Functional Utility Applied to <Auto- 
motive Design” (Undergraduate Award) 
Cuartes P. Bacna, Rutgers University, 
of Metals Subjected to Combined Stress” 
Award) 

Ropert W. Bear, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, “Polymerized Motor Fuels; Their Economic Sig: 
nificance” (Undergraduate Award) 

DeWitt D. Bartow, Jr., Princeton University, “The Crit- 
cal Speeds of Lateral Vibrations of Shafts With Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MaArsSHALL C, LONG, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustabl 
Blade Current Meter” (Postgraduate Award) 

DonaLp C. McSoruey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davin T. JAMES, Michigan State College, “Bells 
ing Their Tones” (Undergraduate Award). 
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(Postgraduate 
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Herpert N. Eaton 
BLAKE R. VAN LEER 
Rosert T. KNappe 
REGINALD WHITAKER 
G. Ross Lorp 
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HONORARY MEMBERS 


An HONORARY MEMBERS IN ELECTED DIED ELECTED DIED 
PERPETUITY ALEXANDRE GUSTAVE EIFFEL.. 1889 1923 CHARLES M. ScHwas....... 1918 1939 
An MARSHAL FERDINAND FocoH.. 1921 1929 WILLIAM SIEMANS....... 1882 1883 
LYMAN HOLLY, Founder of the CHarLes DouGLas Fox... 1900 1921 Viscount Surpusawa 1929 1931 
yn, Joun Epson Sweet, Founder of the So- JOUN RIPLEY FREEMAN..... 1932 1932 AMBROSE 1916 1937 
of THINGTON, Founder of MAJOR-GENERAL Grorce Henry Ropinson Towne.... 1921 1924 
ra- WASHINGTON GoETHALS .. 1917 1928 Henri TRESCA ............. 1882 1885 
FRANZ GRASHOF ........... 1884 1893 CawrHorNe Unwin 1898 1933 
ea. REAR-ADMIRAL ROBERT STAN- OSKAR VON MILLER.......... 1912 1934 
‘ur- DECEASED HONORARY MEMBERS ISLAU GRIFFIN ......0000 1920 1933. Francis A. WALKER........ 1886 1897 
Orto HALLAUER ...... 1882 1883 WorcesTeR REED WARNER... 1925 1929 
sill ELECTED DIED (CHARLES HAYNES HASWELL.. 1905 1907 GEORGE WESTINGHOUSE .... 1897 1914 
HOBATIO ALBEN 1880 1889 NATHANAEL GREENE HERRES- Sirk WILLIAM Henry Wuirte. 1900 1913 
Sin WILLIAM ARROL........ 1905 1913 cen 1921 1938 Sirk ALFRED FERNANDEZ YAR- 
nal- Sin JOHN AUDLEY FREDERICK FRIEDRICH GUSTAV HERRMANN 1884 1907 WOW) 1914 1932 
1911 1937. Gustav Apo_tpH HIRN...... 1882 1890 
WILLIAM WALLACE JOSEPH 1889 1901 — 
1926 1985 .. 1928 1930 LIVING HONORARY MEMBERS 
Sir BENJAMIN BAKER....... 1886 1907 =Ropert Woortston Hunr.... 1920 1923 ELECTED 
JOHANN BAUSCHINGER ..... 1884 1893 BENJAMIN FRANKLIN ISHER- 
1884 1903 ERASMUS DARWIN Leavirr.. 1915 1916 Euwrs Cocazy 1928 
JouN ALFRED BRASHEAR..... 1908 1920) Henri Le 1927 1936 
DANIEL KINNEAR CLARK.... 1882 1896 ReaR-ADMIRAL GrorGe WaAL- Davin SCHENCK JACOBUS.......... 1934 
RupoLpH JULIUS EMMANUEL LACE 1910 1912) Masawo KAMO 1929 
ting CLAUSIUS 1882 1888) THe HONORABLE SiR CHARLES DEXTER StMpson KIMBALL.........- 1939 
GOODE. 1889 1892 ALGERNON PARSONS ...... 1920 1931 THOMAS MAIN........... 1939 
uical Peren COOPER 1882 1883 CHARLES TALBor PORTER..... 1890 1910 A. 1936 
Sig: CHARLES DE FREMINVILLE.... 1919 1936 AvuGusTE C. E. RATEAU..... 1919 1930) GRanpeE UFFICIALE ING. P10 PERRONE 1920 
CaRL GUSTAF PATRICK DE Siz Epwarp J. Reep........ 1882 1906 EDWIN JAY PRINDLE.............. 1939 
herd 1912 1913 Franz REULEAUX .......... 1882 1905) H. TscHAPPAT........... 1938 
opic RUDOLPH DIESEL ..........- 1912 1913) Cavin WINsor RICE....... 1931 1934 SamMueL MAatTrHews VAUCLAIN.... 1920 
1886 1906 PALMER C. RICKETTS........ 1931 1934 HENRY HaGuE VAUGHAN........... 1939 
“In- Victor DWELSHAUVERS-DeRY. 1886 1913) HENRI ADOLPHE-EUGENE RigHt HonoraB_e Lorp WEIR...... 1920 
urine THOMAS ALVA EDISON....... 1904 1931 1882 1808 WRIGHT 1918 
tiga: 
PAST-PRESIDENTS 
idity 
A list of past vice-presidents, managers, treasurers, and secretaries will be found in the 
cern: 1930 Record and Index, pages 10-12. Dates in parentheses denote year of death. 
ALEXANDER LYMAN HOoLLey, Chairman of the Preliminary Meeting 1909 JESSE Merrick SMITH (1927) 
for Organization of The American Society of Mechanical Engineers 1910 GEORGE WESTINGHOUSE (1914) 
(1882) 1911 Epwarp DANIEL MEIER (1914) 
1912 ALEXANDER CROMBIE HUMPHREYS (1927) 
1884 Joun Epson SWEET (1916) 1914 James Hastness (1994) 
1885 JOsEPHUS AVIUS HoLLow AY (1896) 1916 JOHN ALFRED BRasHEAR (1920) 
1886 SELLERs (1907) 1916 Davip ScHENCK Jacosus 
1887 Georgr H. Bancock (1893) 1917 Newson (1930) 
1888 P—miaeaned rl (1909) 1918 CHARLES THOMAS MAIN 
1919 Mortimer Etwyn Coo.ey 
1889 HENRY Rospinson TOWNE (1924) 1920 Frep J. MILLER (1939) 
1890 OBERLIN SMITH (1926) 1921 Rewr 8. Canwan 
) 1922 DexTER SIMPSON KIMBALL 
1893-1894 ( 1895) 1923 JOHN LYLE HARRINGTON 
1924 FREDERICK ROLLINS Low (1936) 
1895 Epwarp F.C. Davis (1895) 1925 WILLIAM FREDERICK DURAND 
1895 CHARLES ETHAN BILLINGS (1920) 1926 WILLIAM LAMONT ABBOTT 
1896 JOHN Fritz (1913) 1927 CHARLES M. Scuwaes (1939) 
1897 Worcester REED WARNER (1929) 1928 ALEX Dow 
1898 CHARLES WALLACE Hunt (1911) 1929 ELMER AMBROSE SpeRRY (1930) 
1899 GEORGE WALLACE MELVILLE (1912) 1930 CHARLES Prez (1933) 
1900 CHARLES HILL MorGan (1911) 1931 Roy V. WricHut 
1901 SAMUEL T. WELLMAN (1919) 1932 ConrAp N. LAUER 
1902 Epwin ReyNowps (1909) 1933 A. A. Porrer 
1903 JAMES Mapes (1915) 1934 PauL Dory (1938) 
1904 AMBROSE SWASEY (1937) 1935 RALPH E. FLANDERS 
1905 JOHN FREEMAN (1932) 1936 L. Batt 
1906 FREDERICK WINSLOW TAYLOR (1915) 1937 JAMES H. HERRON 
1907 FrepertcK REMSEN Hutton (1918) 1938 Harvey N. Davis 
1908 MINaArD LAFEVER HOLMAN (1925) 1939 ALEXANDER G. CHRISTIE 
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Memorial Biographies 


HE purpose of Memorial Biographies is to place on permanent record the bio- 

graphical and professional data relating to deceased members of The American 
Society of Mechanical Engineers. Hence every effort is expended to insure accu- 
racy, and to make the memorials as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent member, 
these application records are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the 
sponsors are no longer alive, so that it is difficult to obtain assistance from this source. 
If the member has been retired for several years prior to his death, his business 
associates are frequently hard to locate, and, in some cases, members of his family 
cannot be found. While all these factors add to the difficulty of obtaining accurate 
and fairly complete data, every possible source of information is explored, with the 
result that publication of the notice is sometimes delayed. A number of the me- 
morials in this issue have been prepared under these difficulties. 

It is the practice of the Committee on Publications in the case of some deceased 
members to ask former friends and associates to prepare the obituary. The object 
is to secure a final record that will be more valuable for having been prepared by 
men who knew the deceased and are competent to evaluate his work. Memorials 
prepared in accordance with this policy are signed by those who wrote them or who 
collaborated in their preparation. To all persons who have thus cooperated, the Com- 
mittee acknowledges its gratitude. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who’s Who in Engineer- 
ing, Who’s Who in America, and similar publications; the Encyclopedia of American 
Biography, and the National Cyclopedia of American Biography; the technical and 
daily press; colleges and universities and their alumni associations; and engineering 
and other societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 


form for supplying complete details will be forwarded by the Office of the Society 
upon request. 
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Memorial Biographies 


GEORGE PENNELL ABORN (1863-1938) 


George Pennell Aborn, in charge of the Industrial Department of 
the Harvard Trust Company, Cambridge, Mass., died on July 7, 
1938, of coronary thrombosis, at Waban, Mass. 

Mr. Aborn was born at Wakefield, Mass., on June 8, 1863, the son 
of George W. and Mary Frances (Pennell) Aborn. He prepared for 
college in the Wakefield High School, followed by one year at the 
Phillips Academy, Andover, Mass., and was graduated in mechanical 
engineering from the Massachusetts Institute of Technology in 1886, 
with the B.S. degree. During his college years he was employed in 
the vacation periods in the office of Perey M. Blake, waterworks con- 
sulting engineer of Boston, and there gained early practical experience 
which was a valuable asset in his later work. 

In October of 1886, Mr. Aborn went to work as draftsman at the 
Knowles Steam Pump Works, Warren, Mass., advancing to assistant 
constructing engineer in 1890. 

The following account of his work from then until the end of 1926, 
when his fortieth anniversary with the company was celebrated, is 
taken from ‘‘Simplexities,’”’ the Blake and Knowles house organ, 
December, 1926. 

“It was at about this time that the compound duplex direct-acting 
pump was being looked upon with general favor as the most suitable 
type of engine for municipal water works pumping stations and for 
large mining service, and Mr. Aborn was responsible for the design 
and successful operation of the many units, some of them the largest 
ever made in the history of direct-acting pumping engine manufac- 
ture, for which the Knowles Works was justly well known in those 
days. He developed and patented a high-duty pumping engine at 
this period which showed much higher economy than the direct-acting 
pumps as regularly built, but the gradual introduction of flywheel 
pumping engines for large water pumping duty prevented further 
development along this line. 

“Mr. Aborn also invented and patented many improvements in 
pumping machinery, air compressors, and power-plant auxiliaries 
which became adopted practice in the Knowles product. Of a gen- 
erally inventive mind, his activities naturally overflowed to outside 
lines and several patents stand to his credit covering devices of a 
widely varied character. 

“In 1896, Mr. Aborn was made chief engineer and assistant to the 
manager. When the Knowles Steam Pump Works was consolidated 
with the George F. Blake Manufacturing Company, at East Cam- 
bridge in 1897, the title of the company then becoming Blake and 
Knowles Steam Pump Works, Mr. Aborn was madevassistant manager 
and chief engineer of the combined plants, and in 1905, he became 
manager of the Blake and Knowles Steam Pump Works (now the 
Blake and Knowles Works of the Worthington Pump and Machinery 
Corporation). 

“During this East Cambridge period, Mr. Aborn’s inventive genius 
has from time to time manifested itself in valuable improvements 
applied to the various lines of product built by the company, covering 
sinking pumps, air compressors, attachments and unloaders, exhaust 
relief valves, engine valves, a turbinated pump valve, novel arrange- 
ments of compound steam ends, etc. He was one of the first to inves- 
tigate the possibilities of a combined wet and dry vacuum pump. 

“Mr. Aborn has always been deeply interested in the matter of 
steam valve gearing, and has given much attention to the subject, par- 
ticularly with reference to the operation of single pumps, and has de- 
vised many improvements in the means of accomplishing satisfactory 
valve movements, among them being the well-known simplex style 
‘A’ gear which for twelve years has been adopted as the standard for 
all Blake-Knowles single pumps, and entirely supersedes both the 
original Knowles and the Blake types. All the thousands of simplex 
pumps built for the Naval program during the past war were equipped 
with this gear, and its great popularity with naval engineers and with 
pump operators generally is a sufficient testimonial of its excellence. 

“Mr. Aborn has also developed a simplex cut-off valve gear, a radi- 
cal departure in direct-acting pump operation which has shown an in- 
crease of efficiency and decrease in steam consumption amounting 
to from 15 to 20 per cent.” 

In February, 1928, after the East Cambridge plant closed, Mr. 
Aborn joined the staff of the Harvard Trust Company, Cambridge, 
Mass., in its Industrial Department, and subsequently was appointed 
Manager, which position he was holding at the time of his death. 

Mr. Aborn joined the A.S.M.E. as a junior in 1889, and was pro- 
moted to the member grade in 1892. He was also a member of the 

iety of Naval Architects and Marine Engineers and of the Ameri- 
can Society of Naval Engineers. He was a past-president of the 
ton Branch of the National Metal Trades Association, of the 


New England Foundrymen’s Association, and of the American Asso- 
ciation of Foundrymen. In 1931-1933 he was treasurer of the Cam- 
bridge Industrial Association and he served as its president in 1933- 
1934. He also belonged to the Masonic fraternity and to a number of 
Boston clubs, including the Engineers and University. 

In 1890, Mr. Aborn married Maude Nutting Powers, of Warren, 
who survives him, together with their two children, Rachel (Aborn) 
Andersen and Pennell N. Aborn. 


HARALD AHLQVIST (1876-1938) 


Harald Ahlqvist, consulting engineer, New York, N.Y., died of 
coronary thrombosis, on September 6, 1938, at Kingston, Jamaica, 
while on a West Indian cruise. Mr. Ahlqvist was born on October 
16, 1876, in Fredrikshamn, Finland, the son of Carl Henrik and Anna 
Luisa Ahlqvist. He attended the Real Lyceum, Fredrikshamn, and 
a school in Hamburg, Germany, and in 1901 was graduated in me- 
chanical engineering from the Royal Polytechnicum, Dresden, Ger- 
many. 

From March, 1896, to March, 1898, he served an apprenticeship at 
machine building in the works of Sulzer Brothers, Winterthur, Swit- 
zerland, and during 1899 was in military training in the Finnish 
Dragoons. For three months in 1900 he was employed in the draft- 
ing room of Berliner Maschinenbau, Berlin, Germany. In 1901, Mr. 
Ahlqvist came to the United States and was employed by the South- 
wark Foundry & Machine Co., Philadelphia, Pa., and by the Sharon 
Steel Co., Sharon, Pa., designing rod and wire machines, especially 
those used for producing barbed wire and wire netting. This was 
followed by a term as engineer for the Compania Industria de Turba 
in Mexico (November, 1903, to May, 1904), erecting a plant and 
installing machinery for peat briquetting. From then until August, 
1905, he was engineer for Oficina Technica Pablo Bergner S. en C., 
Mexico, D.F., testing and designing mining and milling machinery, 
milling plants, and plants for the manufacture of rubber from guayule. 

In 1906, he returned to the United States and joined the staff of 
Semet-Solvay Company, and the Solvay Process Company, Syracuse, 
N.Y., as designing engineer. He remained with this firm until 1922, 
becoming superintendent of operations in 1908 and assistant to the 
general manager in 1918. In 1919 he made a survey for the company 
in the Southwest which led to the establishment of three large alkali 
plants in Louisiana and Texas. 

In 1922, Mr. Ahlqvist opened his own office as consulting engineer, 
specializing in the design, construction, and operation of soda ash, 
caustic soda, sodium bicarbonate, calcium chloride, and potassium 
chloride plants, lime kilns, and the manufacture of alkaline products 
in general. He designed and built plants in the United States and 
many other parts of the world, including Mexico, Venezuela, Ger- 
many, and Japan. He also remodelled and modernized the equip- 
ment of many plants, among which was the Mathieson Alkali Works, 
at Saltville, Va. He had taken out patents on an ammonia still, a 
sulphur recovery process, and a clarifier, designed primarily for am- 
monia soda liquors but usable for filtering other liquids. 

Mr. Ahlqvist joined the A.S.M.E. as a member in 1909. He was 
also a member of the American Institute of Mining and Metallurgical 
Engineers, American Chemical Society, and American Institute of 
Chemical Engineers. His clubs included the Chemists’ Club, New 
York, and the Apawamis, Manursing, and American Yacht clubs of 
Rye, N.Y., where he had for many years made his home. He was a 
fluent linguist, speaking not only his native tongue and English, but 
Swedish, French, and German as well. He became an American 
citizen in June, 1912, at Syracuse, N.Y. 

He married, in 1903, Eleanor St. Barbe Pattee, of Brookline, Mass., 
now residing in San Diego, Calif. 


SAMUEL AITKEN (1882-1938) 


Samuel Aitken, vice-president of Moore & McCormack Co., Inc., 
(now Moore-McCormack Lines, Inc.), steamship agents, New York, 
N.Y., died on August 12, 1938. 

Mr. Aitken was born on July 21, 1882, in Belfast, Ireland, the son 
of Robert and Annie (Kane) Aitken. He attended Belfast schools, 
including the Academical Institute, and then served as apprentice 
engineer in the famous shipyards of Harland & Wolff, Belfast, covering 
the years 1897-1902. At the completion of this training, Mr. Aitken 
went to sea as junior engineer, and continued in service with the 
White Star Line and the Pacific Mail Steamship Company until 1916, 
advancing to the position of chief engineer. In 1911, he was chief 
engineer of the 8.8. Asia when it was wrecked on Finger Rocks in the 
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China Sea. Mr. Aitken, together with the captain and chief officer, 
spent the whole night fighting off Chinese pirates, during which they 
fired some five-hundred rounds of ammunition. The vessel had on 
board more than 200 passengers, all of whom were landed safely, and 
the cargo was kept intact. 

In 1916-1917 Mr. Aitken was assistant superintendent of repairs for 
the Moore & Scott Iron Works, San Francisco, Calif. From then 
until 1919, he was employed by the U.S. Shipping Board, first as as- 
sistant to its representative in the Far East, stationed at Manila, 
where he was in charge of repairing interned German ships, and later 
as engineer-representative of the Board of Inspection and port engi- 
neer for the North Atlantic district. He organized the Engineering 
Department of the Board of Inspection and as its senior engineer had 
charge of the supervision of maintenance and personnel of U.S. Ship- 
ping Board vessels in the department. The Inspection Board, which 
investigated all accidents, strandings, etc., covered, during the latter 
part of 1918, New York, Philadelphia, Baltimore, Norfolk, and New- 
port News. Mr. Aitken’s duties as post engineer were similar to 
those for the Board of Inspection. 

In 1919, Mr. Aitken was appointed superintendent-engineer of 
Moore & McCormack Co., Inc., steamship agents, in charge of the 
Engine Department and of repairs and new construction in all de- 
partments of vessels controlled by the company. He was elected 
vice-president of the company in 1923. During the time he served 
the company in that office he made alterations to the Hog Island 
type of vessel to raise its speed from the 11 knots for which it was de- 
signed to maintain a sea speed of 13!/2 knots. In this connection, 
Mr. Aitken took out several patents, foremost among which was the 
“‘drag eliminator,’’ which was a form of streamlining around the 
stern post and rudder of the vessel. 

Mr. Aitken joined the A.S.M.E. as an associate-member in 1921, 
and in 1924 was promoted to the member grade. Besides his member- 
ship in the A.S.M.E., he was also a civil member of the Society of 
Naval Engineers, and a member of the Society of American Military 
Engineers, the Society of Naval Architects and Marine Engineers, 
and the Institution of Marine Engineers of Great Britain. In 1936, 
he was appointed by the U.S. Secretary of Labor as the delegate to 
the International Maritime Labor Conference at Geneva, represent- 
ing American steamship owners. He was also a member of the Board 
of Visitors of the New York State Merchant Marine Academy. He 
belonged to the Shackmaxon Country Club and Downtown Athletic 
Club. He held licenses as chief engineer from both the British and 
American governments. Though born in Ireland, he was a citizen of 
the United States. 

In 1910, Mr. Aitken married Margaret Eugenia Scott, a native of 
Philadelphia, and is survived by her and by their son, George Robert 
Aitken. 


WILLIAM ALEXANDER, IT (1910-1938) 


William Alexander, II, production foreman, Scott Paper Company, 
Chester, Pa., died on February 6, 1938, at Hackensack, N.J. 

Mr. Alexander was born in Edinburgh, Scotland, on November 24, 
1910, the son of William and Annisabel (Cox) Alexander. Asa child, 
he emigrated with his parents to the United States, and he obtained 
his preparatory education in the Hasbrouck Heights, N.J., high 
school. He later attended the Rensselaer Polytechnic Institute for 
two years and the Massachusetts Institute of Technology, where he 
was graduated with the degree of B.S. in mechanical engineering, in 
1932. He later did postgraduate work in accounting at the Univer- 
sity of Pennsylvania. 

Immediately after the completion of his technical education, Mr. 
Alexander went to work for the Scott Paper Company, Chester. 
From August, 1932, to December of that year he operated a paper 
converting machine; from then until July, 1934, he worked in the 
cost department; and in July, 1934, he was promoted to production 
foreman, the position he held at the time of his death. 

Mr. Alexander joined the A.S.M.E. as a junior in 1932. He was an 
American citizen due to his father’s being naturalized while he, the 
son, wasaminor. He was unmarried. 


GEORGE FRANCIS ANDERSON (1884-1938) 


George Francis Anderson, chief engineer of England-Walton & 
Co., Hazelwood, N.C., died in Philadelphia, Pa., on June 23, 1938. 

Mr. Anderson was born in Oakland, Calif., on October 20, 1884, 
the son of John Francis and Maria Agnes Anderson. His education 
was obtained in the public high school, followed by classes at the 
Humbolt Evening Technical School, and he served a four-years’ 
apprenticeship as machinist, 1901-1904, with the Risdon Iron 
Works, San Francisco. He then spent about twelve years at sea, first 
as assistant engineer with the American-Hawaiian and Pacific Mail 
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Steamship Line, 1905-1912, and during the next four years as chief 
engineer for the Eschen & Minor Steamship Co. During the year 
1916-1917, Mr. Anderson was employed as lubrication and sales 
engineer by the Texas Oil Company, and Standard Oil Company of 
California. In 1918, he was a first lieutenant in the Air Service of the 
U.S. Army. From 1919 to 1925 he served at Philadelphia as senior 
inspector of hulls and machinery for the U.S. Shipping Board, Emer- 
gency Fleet Corporation. 

When applying for membership in the A.S.M.E. in 1925, Mr. 
Anderson stated that although he had not taken out any patents he 
had done considerable design work for changes in vessels under his 
charge. He mentioned tie bolts for holding brickwork in Foster 
boilers; improvements in baffles; a time-saving tool for back-facing 
holes in headers for header plugs; oil burners; oil alarm devices to 
indicate low lubricating oil in turbine units; and engineroom appli- 
ances. 

Following his service with the Shipping Board, Mr. Anderson 
joined the staff of the A. C. Lawrence Leather Co., being attached to 
its subsidiary, England-Walton & Co., of Hazelwood, N.C., as chief 
engineer, in charge of six separate plants, and he was holding this 
position at the time of his death. 

Mr. Anderson joined the A.S.M.E. as a member in 1925. He wasalso 
a member of the Society of American Military Engineers. In 1921, he 
married Blanche Oliver, of Parkersburg, W.Va., who survives him. 


JAMES DHU ANDREW (1874-1937) 


James Dhu Andrew, manager of the American Boiler Manufactur- 
ers Association, New York, N.Y., died of pneumonia at his home in 
Englewood, N.J., on March 22, 1937. Mr. Andrew was born in 
Brooklyn, N.Y., on October 29, 1874, the son of James D. and Olive 
(Stevens) Andrew. He attended grammar and high school in Brook- 
lyn, and subsequently spent two years in the School of Mines of 
Columbia University. 

From 1896 to 1899, Mr. Andrew worked as erecting and testing en- 
gineer for the Edward P. Allis Company, Milwaukee, Wis. From 
1899 to 1902, during the period of its electrification, he served as 
mechanical engineer for the Metropolitan Street Railway Company, 
New York, and for the next three years was chief engineer of the New 
York Edison Company. 

In 1907, Mr. Andrew began a term of six years as superintendent 
of power for the Boston (Mass.) Elevated Railway system, and then 
spent four years as superintendent of station engineering for the Edi- 
son Electric Illuminating Company of Boston. From 1917 to 1920, 
he was general superintendent of plant construction and manager of 
hull construction of the American International Shipbuilding Cor- 
poration, Hog Island, Pa. During the next three years he was presi- 
dent, first of the American Balsa & Balsa Refrigerator Company, 
New York, and then of the Standard Tank Car Company, Sharon, 
Pa. From 1923 to 1926 he was vice-president of Stevens & Wood, 
Inc., engineers and constructors, New York, in charge of the design, 
construction, and operation of some power plants in Ohio and Penn- 
sylvania, and also engaged in engineering surveys in South America. 

Mr. Andrew acted as general consulting engineer for Armour & 
Co., of Chicago, IIl., from 1926 to 1929, and then became chief engi- 
neer of the Niagara & Hudson Power Corp. In 1933, he was ap- 
pointed manager of the American Boiler Manufacturers Association 
and Affiliated Industries, and was thus employed at the time of his 
death. 

In 1904, Mr. Andrew became a member of the A.S.M.E. He was 
also a member of the American Institute of Electrical Engineers, 
Society of Naval Architects and Marine Engineers, the Engineers 
Club, New York, the American Trade Association Executives, Win- 
slow Lewis Lodge, F. & A. M., and Aleppo Shrine in Boston. He 

served as a member of the Board of Governors of the Eng!ewood 
Hospital Association. 

Mr. Andrew married Laura Ward, of Napanee, Ontario, in 1902, 
and is survived by her and by their son, James D., Jr., of Essex Fells, 
N.J. 


JESSE OLIVER ARKEBAUER (1871-1937) 


Jesse Oliver Arkebauer, marine surveyor and consulting engineer 
New York, N.Y., died at the Marine Hospital, on Staten Island, on 
April 13, 1937, after nearly a year’s illness. He is survived by his 
widow, Ada (Wheeler) Arkebauer, whom he married in 1900, and by 
daughter, Gladys. 

Mr. Arkebauer was well known in steamship and _ shipbuilding 
circles throughout the United States. He held an unlimited licens 
as chief engineer on ocean steamships; had received a certificate of pro- 
ficiency from the Brooklyn Polytechnic Institute for two years’ specia! 
training in the design, construction, and operation of Diesel engines: 
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and was a graduate from the five-year course in general science of 
Cooper Union, receiving a mechanical engineering degree in 1919. 
He was commissioned an Engineer Officer in the 2nd Battalion of the 
New York State Naval Militia in May, 1915, and was retired in 
September, 1935, with the rank of Lieutenant-Commander in the 
U.S. Naval Reserve. He had been a member of the A.S.M.E. since 
1921, and was also a member of the Society of Naval Architects and 
Marine Engineers, Propeller Club of the U.S. Port of New York, 
Marine Square Club of New York, and Port Tampa Lodge, F. & A. M. 

Mr. Arkebauer was born at Nokomis, IIl., on September 1, 1871, 
son of Hye G. and Martha (Peyton) Arkebauer. He went to sea at 
the age of twelve, working his way up, rank by rank, to the berth of 
chief engineer, first serving in that capacity on the army transport 
S.S. Torpon in 1898. Later during the Spanish-American War he was 
assigned to the S.S. Margarette and 8.S. Florida. Subsequent to the 
war he continued at sea until June, 1905, being first assistant engineer 
on the S.S. Havana, 8.8. Esperanza, and 8.8. Morro Castle. Then, 
after a few months’ engineering work in New York, he was made chief 
engineer of the ferryboat, Brooklyn, in 1905. He remained in that 
service until 1907, when he was appointed assistant inspector of 
boilers for the United States Steamboat Inspection Service at the 
Port of New York. He was engaged continuously in this work until 
April, 1917, with the exception of a few weeks’ active service in the 
New York State Naval Militia earlier that year. From then until 
November, 1919, he served in the United States Navy as machinery 
inspector at the New York Navy Yard, Brooklyn. During this pe- 
riod he supervised the fitting out of a large number of submarine 
chasers, overseas troop ships, and other classes of vessels. For the 
next nine years he was superintending engineer for Phelps Bros. & 
Co., New York, the American and Canadian agents for the Cosulich 
Steamship Line, of Trieste, Italy. Since 1928 he had been engaged 
in private practice as marine surveyor and consulting engineer. 


CARL BENNETT AUEL (1870-1937) 


Carl Bennett Auel, manager of the Employees Service Department 
of the Westinghouse Electric & Manufacturing Co., East Pittsburgh, 
Pa., died on April 4, 1937, at his home in Irwin, Pa. 

Mr. Auel was born in Brooklyn, N.Y., on March 21, 1870, son of 
Charles and Annie (Lambert) Auel. He attended the Polytechnic 
Institute of Brooklyn and the School of Engineering of Columbia 
University, then entered the School of Mechanical Engineering of 
Cornell University, from which he received the degree of mechanical 
engineer in 1892. He spent a part of the following year in graduate 
work, then entered the employ of the Westinghouse company, Pitts- 
burgh, as assistant general foreman. He continued with the company 
until 1897, being in charge of the Production and Specification De- 
partments during the latter part of the time. 

For the next two years Mr. Auel was, first, general manager of the 
Clark Brake Company, Pittsburgh, then engineer of the Westing- 
house Airbrake Company, Wilmerding, Pa. In 1901 he went to 
Manchester, England, as assistant to the general manager of the 
British Westinghouse Electric & Manufacturing Co., later becoming 
assistant general manager. He returned to the United States in 1905, 
resuming his association with the Westinghouse company here as as- 
sistant to the manager of works. Subsequently he became manager 
of the Railway and Control Departments, then assistant manager 
of works, director of standards, processes, and materials, and in 1920, 
manager of the Employees Service and Works Standards Depart- 
ments. He established the company’s building and loan association 
and tuberculosis sanatorium and developed a medical strvice for the 
employees. He was also in charge of the pension system, company 
restaurants, and Materials Disposition Department. 

Mr. Auel had been a member of the A.S.M.E. since 1914. He was 
chairman of the Sectional Committee on a Safety Code for Mechani- 
cal Power Transmission Apparatus from the time of its organization 
in 1921 until his death, serving as one of the representatives of the 
A.S.M.E. He was appointed a member of Subcommittee No. 3 on 
Mechanical Power Control when it was formed in February, 1929, 
and was elected its chairman, in which capacity he served until the 
committee was discharged in December, 1935. He was also active in 
the work of the Management Division of the Society, and particularly 
inits Management Week campaigns and waste elimination activities; 
he had been chairman of the Subcommittee on the Elimination of 
Waste since the time of its organization in 1930, and was instrumental 
in the compilation and publication of the Waste Materials Dictionary. 
He was the author of many articles and addresses on industrial rela- 
tions. Mr. Auel was also a past-president of the National Safety 
Council (1924-1925), and a member of the Western Pennsylvania 
Safety Council. He served as president of the Allegheny Public 
Health Association in 1925-1926 and belonged to the Pennsylvania 
State and the Pittsburgh Chambers of Commerce, Pennsylvania 
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State Council for the Blind, Pennsylvania State Board of Health, and 


Philadelphia Board of Trade. He was a member of the Methodist 
church and Delta Upsilon fraternity, and was a Republican in poli- 
tics. He enjoyed reading, especially historical works, gardening, 
camping, and historical and genealogical writing. 

Surviving him are his widow, Louisa (Clark) Auel, whom he mar- 
ried in 1901, a son, Carl Clark Auel, and three sisters. 


TOM BARKER (1884-1938) 


Tom Barker, industrial engineer for the United Parcel Service, 
New York, N.Y., died on March 14, 1938. 

Mr. Barker was born at Baraboo, Wis., on September 26, 1884, the 
son of John and Alice (Druse) Barker. He prepared for college in 
the Englewood (Ill.) High School, and then attended Dartmouth Col- 
lege, where he was graduated in 1906 with an A.B. degree. 

His first employment, 1906-1908, was with the Western Electric 
Company in Chicago, I11., where he took a general shop training course 
and did considerable clerical work. From 1908 to 1910, he worked 
for the Rex Tool & Manufacturing Co., Chicago, doing shop work in 
gasoline engine production, tools and dies. In 1910-1914, he was 
employed by the Rogers Addresser Company, Chicago, as manager of 
manufacturing addressing machines. In 1917-1919, Mr. Barker 
served as First Lieutenant of Infantry, 314th Machine Gun Battalion, 
80th Division, A.E.F., in France. 

On his return to civilian life, he worked in 1919-1920 in the Haw- 
thorne Plant of the Western Electric Company in the establishment 
of piece rates, and followed this by a year’s employment by Arison 
Goodwin & Associates, Chicago, consulting industrial engineers. 
Following this position, Mr. Barker became associated with the 
United Parcel Service and remained in their employ up to the time of 
his death. 

He joined the A.S.M.E. as an associate-member in 1922, and in 
1935 was automatically transferred to the member grade. Mr. 
Barker married Marie Therese Polet in 1937, and is survived by her 
and also by two brothers, Ralph and Hugh Barker, also engineers. 


BERNARD CLEVELAND BECKER (1887-1938) 


Bernard Cleveland Becker, development engineer with The Hoover 
Company, North Canton, Ohio, died suddenly of a heart attack on 
March 19, 1938. 

Mr. Becker was born on November 16, 1887, in York, Pa., the son 
of Henry Franklin and Rebecca Jane (Zeigler) Becker. He was edu- 
cated in public schools and afterwards took the complete course in 
mechanical engineering as given by the International Correspondence 
Schools. He began work in 1903 and had four years of practice in 
general machine shop work and toolmaking. In 1908 he entered the 
employ of the Heany Laboratories, Inc., New Haven, Conn., where 
he worked successively for ten years as machinist, draftsman, factory 
engineer, and chief engineer, occupying the last position for eight 
years. 

For the year 1919, Mr. Becker was employed by the Tabulating 
Machine Company, Endicott, N.Y., as machine designer. In 1920 
he began private practice as patent attorney at York, Pa., and car- 
ried on this work until 1926, though in 1924 he became associated 
with the York Manufacturing Company in the development and de- 
sign of refrigerating machinery. 

In 1927, Mr. Becker was engaged by The Hoover Company of 
North Canton, Ohio, ‘‘to create, improve, and develop mechanical 
and electrical devices.’"’ The company wrote that his ten years of 
service was marked by many successful achievements in the creative- 
inventive field and his work was outstanding. His attack on a prob- 
lem was thorough and from many angles, which usually resulted in a 
number of designs from which a choice could be made. His layout 
work was clear, concise, and well planned, making it easy to interpret 
in the model construction department.’’ Mr. Becker also invented 
a suction cleaner and several mechanical lead pencils. 

Mr. Becker married Bernice E. Deardorff in 1926, and is survived 
by her and by two sons, Charles H., of Orange, Texas, and Ned G., of 
Lawton, Okla., as well as by his mother. 

He became a member of the A.S.M.E. in 1932. He was also a 
member of Federal Lodge No. 1, F. & A. M., Capital Chapter, R.A.M. 
and Washington Commandery No. 1, Knights Templar, Washington, 
D.C., and of the Elks Club, of Flint, Mich. 


HENRY LEON BANCEL BINSSE (1852-1938) 


Henry Léon Bancel Binsse, of Washington, D.C., died at his sum- 
mer home at Pointe au Pic, County Charlevoix, Que., Can., on July 2, 
1938. He was born in New York, N.Y., on November 14, 1852, son 
of Louis Bancel and Mary Delia (Carpenter) Binsse, and was de- 
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scended from the French families of Binsse de Saint Victor and Ban- 
cel, who came to New York at the time of the French Revolution. 
His early education included a period of engineering study at Diissel- 
derf, Germany. 

When Mr. Binsse applied for membership in the A.S.M.E. in 1882 
he submitted the following record: ‘Following my graduation with 
the degree of C.E. from Rensselaer Polytechnie Institute, Troy, N.Y., 
in 1875, I took a position at the North Chicago Rolling Mill, Chicago, 
Ill. I found that my taste led me to mechanical engineering and I, 
consequently, entered the works of C. H. Delamater & Co., New York, 
and familiarized myself with the trade. In 1879, I entered the firm 
of George A. Ohl & Co., engineers and machinists, of East Newark, 
N.J., of which firm I am still an active member.’’ He made improve- 
ments in small turning lathes and horizontal boring machines while 
with this company. 

In 1887 he established his own business, the Newark Machine Tool 
Works, in Newark, and he continued the manufacture of machine tools 
under that name until 1902 and as president of the Binsse Machine 
Company, Newark, from then until his retirement in 1914. He took 
out a patent on a screw-jack in 1883, one on a slotting machine in 
1889, and one on gearing in 1899. 

Mr. Binsse married Elizabeth Hewlett Scudder on November 10, 
1903, and is survived by her and a son, Harry Lorin Binsse, residents 
of Washingtcn, D.C., and Glen Cove, L.I., N.Y., respectively; also 
by a sister, Alice (Mrs. Schuyler N. Warren), of New York, N.Y. 

He resigned his membership in the A.S.M.E. in 1911 but was rein- 
stated as of 1882 by action of the Council in 1917, with permanent re- 
mission of dues. 


WOODROW W. BLACK (1912-1938) 


Woodrow W. Black, an employee of the Reid Diesel Engine Com- 
pany, of Oil City, Pa., died on August 2, 1938, of colitis, in the Gen- 
eral Hospital, Buffalo, N.Y. 

Mr. Black was born on January 21, 1912, at Cyril, Okla., the son of 
Warner and Annie Caroline (Williams) Black. He was graduated 
from the University of Oklahoma in June, 1937, with a B.S. degree, 
and had been in the employ of the Reid Diesel Engine Company since 
that time. 

He became a junior member of the A.S.M.E. in 1938, and was un- 
married. 


EDMUND E. BLAKE (1870-1938) 


Edmund E. Blake, chief engineer of Saco-Lowell Shops, Biddeford, 
Maine, died in Portland, Maine, on June 21, 1938, following a major 
operation. 

Mr. Blake was born in Boston, Mass., on November 13, 1870, the 
son of James M. and Mary H. (Brown) Blake. He prepared for col- 
lege in the Newton High School, Newton, Mass., and was graduated 
in 1893 from the Massachusetts Institute of Technology with an B.S. 
degree in mechanical engineering. 

Mr. Blake’s entire business career was devoted to Saco-Lowell 
Shops and its predecessors. Following his graduation, he served a 
year’s apprenticeship in the shops of the Pettee Machine Works, 
Newton Upper Falls, Mass., and continued with that company until 
1897, when he was in charge of machinery installations. He was as- 
sociated with H. 8. Chadwick, textile and mill engineer, in 1897-1899. 
He then took the position of salesman and engineer for the Saco and 
Pettee Machine Shops and in 1904 became manager of the Saco- 
Pettee Company at Biddeford. He was appointed chief engineer of 
Saco-Lowell Shops in 1923, and was responsible for many valuable 
improvements and inventions in cotton-mill machinery, the most 
notable being the commercial development of long-draft processing 
which has revolutionized the cotton-spinning industry in the last dec- 
ade. He lived across the river in Saco, Maine, and was a valued 
member of the community, serving it in many capacities for 34 years. 

Mr. Blake became a member of the A.S.M.E. in 1913. In 1896, he 
married Clara 8S. Sheppard, of Newton, Mass., and they had two sons, 
Malcolm S. and Edmund G., and a daughter, Mary, all married, and 
all of whom, together with six grandchildren, survive him. 


HARVEY BOLTWOOD (1875-1938) 


Harvey Boltwood, director of the Bureau of Service of the Inter- 
state Commerce Commission, Washington, D.C., died suddenly of a 
coronary occlusion on September 2, 1938, while on the way to his 
office. 

Mr. Boltwood was born at Albany, N.Y., on July 6, 1875, the son 
of Ransom Haight and Sarah Effie (Clarkson) Boltwood. He moved 
to Denver with his parents in 1888 and completed his preliminary 
education in the public schools there. He then worked for two years 
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with the Union Pacific Railroad in Denver, after which he spent a 
year at Colorado College, Colorado Springs. His studies there were 
supplemented later by correspondence courses through the Interna- 
tional Correspondence Schools. 

In 1899, Mr. Boltwood began four years’ service as machinist in 
railroad, mine, and mill work in Colorado, Idaho, and Washington. 
From 1903 to 1907, he was supervising locomotive construction and 
maintenance for the Denver & Rio Grande R.R. in New Mexico and 
Colorado. The next three years Mr. Boltwood spent in cyanide mill 
construction and operation in Colorado, as master mechanic. He 
gave this up in 1910 and was employed for the following year in charge 
of enginehouse and locomotive maintenance for the Union Pacific 
Railroad at Denver. 

Mr. Boltwood’s first service with the Interstate Commerce Com- 
mission began in Washington in 1911 when the Bureau of Locomo- 
tive Inspection was organized. He was one of the original fifty dis- 
trict inspectors. In 1918, he was transferred to the Division of Opera- 
tion of the U.S. Railroad Administration as supervisor of equip- 
ment. In this connection he was sent to many points to make sur- 
veys of plant layouts and equipment with a view to initiating changes 
to increase output. He had some part in the design of standardized 
equipment at that time and later made a study of criticisms of it for 
the Department of Equipment, Division of Liquidation Claims. He 
was appointed mechanical engineer for this department in 1920, 
when the railroads were returned to private operation, his duties 
relating chiefly to handling engineering features in connection with 
the settlement of claims against the Railroad Administration. In 
1922-1923 he was engaged in commercial education work in Colorado, 
and then he returned to the Interstate Commerce Commission, and 
was stationed at Shreveport, La., in the Bureau of Locomotive 
Inspection. 

In April, 1925, Mr. Boltwood was appointed assistant director, 
Bureau of Service, for the Interstate Commerce Commission, in charge 
of the Section on Efficiency and Economy of Operation. He also was 
consultant in matters relating to the design of containers for shipping 
explosives and other dangerous items, particularly tank cars. In 
March, 1937, he was made director of the Bureau of Service, the 
position he was filling at the time of his death. 

Mr. Boltwood joined the A.S.M.E. as an associate-member in 
1921, and was promoted to member in 1930. He was also a member of 
the Mechanical Division of the American Railway Association, the 
International Association of Machinists, the Sons of the American 
Revolution, and the Masonic order. He was a member of the 
Galilee Baptist Church in Denver for many years and belonged to 
the National Baptist Memorial Church in Washington. In the 
A.S.M.E., Mr. Boltwood served on the Executive Committee of the 
Washington, D.C., Section from 1929 to 1932, as its chairman the last 
year. He was a member of the Section’s Subcommittee on the Eco- 
nomic Status of the Engineer in 1928. He was also appointed a member 
of the General Committee (RR 2) of the Railroad Division in 1937, 
for the term 1937-1939. During 1937, he was also a member of a 
committee appointed by the District of Columbia Council of Engi- 
neering and Architectural Societies to study and report upon pro- 
posals looking toward the enactment of a law covering the practice 
of these professions in the District. 

In 1917, Mr. Boltwood married Maude Margaret Morgan, who 
survived him, and they had two children, both living: Ransom 
Harvey and Charlotte Boltwood. 


«HENRY EDWARD BRETT (1858-1937) 


Henry Edward Brett, consulting engineer, of Los Angeles, Calif. 
died at his home in that city on April 3, 1937. Mr. Brett was born 
in British Guiana, South America, on November 13, 1858, the son of 
Rev. William H. Brett and Caroline Brett. He was educated in the 
Grammar School of Loughborough, England, and by private tuition. 
He then spent some six years as apprentice in engineering works, cov- 
ering patternmaking, machine shop, and millwright work, and as stu- 
dent draftsman with W. H. Thornbery, consulting engineer, of Bir 
mingham, England. 

He arrived in the United States in September, 1880, and spent four 
years as draftsman with E. D. Leavitt, Jr., Cambridgeport, Mass.; 
I. P. Morris Co., Philadelphia, Pa.; Robert Wetherill & Co., Chester, 
Pa.; and the Scott Foundry, Reading, Pa. He then went to the 
West Coast, where he served with the Pacific Rolling Mill Company 
of San Francisco, as draftsman, engineer in charge of the construc 
tion of cable railways in San Francisco and Oakland, and assistant t 
superintendent in charge of steel works. In 1887 he returned to the 
I. P. Morris Co., in Philadelphia, as draftsman, and subsequently 
was with Wm. Wharton Jr. & Co., Inc., of that city, as draftsma® 
and designer of special machinery. Then, in 1890, he went back te 
the West Coast and joined the staff of the Pacific Rolling Mill Com 
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pany, serving as constructing engineer for the Los Angeles Consoli- 
dated Electric Railway, of Los Angeles, where he was in full charge 
of track work, design and construction of powerhouse, and installa- 
tion of steam and electric equipment and rolling stock. From 1892 to 
1893, he held a similar position with the San Diego Electric Railway, 
of San Diego, Calif., and next served for one year with the Baker Iron 
Works, of Los Angeles, as mechanical engineer. 

From 1894 up to his death, Mr. Brett practiced as consulting me- 
chanical engineer in Los Angeles. His work covered general practice: 
machine design, development of inventions, structural work, and in- 
vestigations and reports. Among other things he designed machinery 
for can making and canning equipment, machines for flax treatment, 
pressure filters, excavators, and shipyard machinery. 

Mr. Brett obtained a number of patents, including oil burners, 
crematory furnaces, a continuous pressure cooker, and various 
machines for special purposes. In 1905 he served as a member of 
the Commission to Investigate the Construction of an outfall sewer 
for the City of Los Angeles. He was a registered civil engineer, 
State of California. He joined the A.S.M.E. as a member in 1902 
and served on the Executive Committee of the Los Angeles Section 
in 1921-1922 and 1928. He was at one time a member of the Engi- 
neers’ and Architects’ Association for Southern California and had 
taught mechanical drawing in the Y.M.C.A. of Los Angeles. 

On November 25, 1885, Mr. Brett married Miss Emilie T. Bridle, 
of Philadelphia, and they had three sons: H. Austin, born December 
29, 1887; Edward C. N., born June 9, 1892; and Arthur T., born 
February 10, 1894. He became a citizen of the United States by 
naturalization in Los Angeles, 1896. 


BENNETT MATTINGLY BRIGMAN (1881-1938) 


Bennett Mattingly Brigman, best known as organizer and first 
dean of the Speed Scientific School of the University of Louisville— 
Ben to a host of personal friends—was a true Kentuckian. Born 
in Louisville, on February 25, 1881, the son of William Frederick and 
Margaret (Lehman) Brigman, he was long active in the professional 
and educational activities of state and city and died in Louisville, 
February 8, 1938. Mrs. Brigman, the former Alice Jessel, of Louis- 
ville, whom he married in 1904, survived him. 

He attended the Universities of Kentucky and Louisville, receiving 
the degrees of B.S. and M.S. from the latter, in 1908 and 1912, re- 
spectively, and did special graduate work at the University of Wis- 
consin in the summer of 1915. He engaged in practical engineering 
for a number of years, principally in the shops, engineering offices, 
and test plants of the Louisville & Nashville Railroad. Long inter- 
ested in boys, he left this work to organize and direct their pre-college 
and vocational training, first in the Manual Training Department of 
the University School, a one-time private preparatory school in 
Louisville, and then in the DuPont Manual Training High School 
of Louisville. From there he went to the University of Louisville 
as instructor in physics, later becoming professor of engineering and 
drawing. 

Thus by broad training and by natural interest, he was well quali- 
fied to undegtake the planning, building, and initial operation in 
1924 of the Speed Scientific School, for which he served as inspiration 
as well as administrative head until his death. It was on the basis 
of his prospectus that gifts were made by William S. Speed and 
Mrs. Olive (Speed) Sackett to establish the James Breckenridge 
Speed Foundation. He served as guiding architect and dean of this, 
the first southern school to be accredited in all its branches of engi- 
heering, until his death. 

He contributed much to his native city and to his native state. 

But it is as a nationally known engineer and personality, well ac- 
quainted throughout this country, that most of us knew him—as a 
leader in the Council of National Defense and in the Bureau of War 
Savings Stamps during the World War—as an authority on zoning 
and planning, municipal and community, and on smoke abatement— 
4s a member and participant in many national projects of educational 
and professional nature—as a member and officer of national educa- 
tional and engineering associations, particularly as vice-president of 
The American Society of Mechanical Engineers and of the Society 
for the Promotion of Engineering Education. 
_ He became a member of the A.S.M.E. in 1923 and one of its Fellows 
in 1936. He served as chairman of its Louisville Local Section, 
1925-1934; as a member of the Special Committee on Policies and 
Budget, 1933-1936; as a delegate to the American Engineering Coun- 
ail, 1933-1935; and as a manager of the Society, 1934-1937, and 
vice-president from then until his death. 

These are the formal activities and accomplishments for which Dean 

tigman will long be remembered—but those who knew him well 
Personally, who sat on Council or Committee with him, in conversa- 
tion with him in his home, or beside him during long train rides to 


RI-47 


conferences, or who joined his ever-present group of friends at con- 
ventions, will prefer to remember certain distinctive personal traits. 
There was his ever-impelling interest in his fellowmen, particularly 
his fellow students, whose ranks he never left—his never-failing in- 
fectious sense of humor, which made him take his job, but not him- 
self, seriously—his unbounded enthusiasm and industry, despite a 
relatively weak physique—his sheer likableness as a man, as a teacher, 
and as an engineer. 

These are the characteristics that made Ben Brigman stand well 
above his fellows.—[Memorial prepared by Eugene W. O’Brien, 
Atlanta, Ga., Past Vice-President, A.S.M.E.] 


MORTIMER COWPERTHWAITE BROWN (1887-1938) 


Mortimer Cowperthwaite Brown, whose death occurred at his home 
in Mount Vernon, N.Y., on August 20, 1938, was born there on No- 
vember 5, 1887, son of Edgar K. and Emily (Cowperthwaite) Brown. 
He prepared for college in the Mount Vernon schools and was gradu- 
ated from Stevens Institute of Technology as a mechanical engineer in 
1910. During the next eighteen months he was employed by the 
Russell, Burdsall & Ward Bolt & Nut Co., Port Chester, N.Y., as as- 
sistant to the foreman of the machine shop, and by the Max Ams 
Machine Company, Bridgeport, Conn., in drafting work on auto- 
matic machinery. He then became draftsman for the Hodgman 
Rubber Company, Tuckahoe, N.Y., with which he remained until the 
fall of 1914, being promoted during that time to chief draftsman and 
then second assistant chief engineer. 

Beginning in January, 1915, Mr. Brown was connected for about 
four years with the Aetna Explosives Company, serving at first as 
draftsman and inspector at New York, and later as chief engineer at 
the Fayville, Ill., plant of the company. He returned to New York 
in 1919 as mechanical engineer for the Pratt Engineering & Machine 
Co., with which he continued until April, 1921. 

His next employment of note was with the Western Electric Com- 
pany, New York, for three years beginning in May, 1925. During 
the following year he was an estimator for Coverdale & Colpitts, con- 
sulting engineers, New York, in connection with a project covering 
the cost and valuation of the Interborough Rapid Transit Company. 
Subsequently he was engaged in layout and drafting for the American 
Cyanamid Company, General Chemical Company, and John Johnson 
Sales Corporation, in New York. He was senior engineer and valua- 
tion checker for Maurice R. Scharff, consulting engineer, New York, 
September, 1934, through February, 1935, and from April to October 
of that year was engaged in making an inventory of gas plants and 
pumping stations for the Consolidated Gas Company, New York. 
He then was employed by the Law Department of the City of New 
York as valuation engineer on the appraisement for tax purposes of 
public utility power plant and substation machinery and equip- 
ment. He was transferred to the Tax Department at the beginning 
of 1936, and employed there until the end of the year and again from 
March, 1937, to February, 1938, when all engineers engaged on this 
work were released, later to be replaced by civil service engineers. 
During the spring of 1938 he was a provisional assistant electrical 
engineer for the New York Board of Transportation, in connection 
with listing and pricing equipment on elevated lines. 

Mr. Brown became an associate-member of the A.S.M.E. in 1915 
and was automatically transferred to full membership in 1925. His 
wife, Ethel (Stickney) Brown, whom he married in 1917, survives him. 


ARTHUR BRUCKNER (1872-1937) 


Arthur Bruckner, professor and head of the department of me- 
chanical engineering in the School of Technology of the College of 
the City of New York, died of a heart attack on August 29, 1937, at 
his home in Hastings-on-Hudson, N.Y. He had been on leave of ab- 
sence from the college since February because of ill health. 

Professor Bruckner was born in New York on April 22, 1872, the 
son of Herman and Susan (Hoffman) Bruckner. His preparatory 
education was obtained in the New York public schools. He was 
graduated with a B.S. degree from the College of the City of New 
York in 1892, and in 1898 from the Sibley College of Cornell Univer- 
sity, with an M.E. degree. He later took one year of graduate work 
in Cornell University, and three years of evening work in the New 
York Trade Schools. 

From 1892 to 1897, Mr. Bruckner taught mechanic arts in the Col- 
lege of the City of New York. The next two years he spent at Cor- 
nell for his M.E. degree and graduate work. From 1899 to 1904, he 
was instructor in physics and the mechanic arts at the College of the 
City of New York, and organized the work of laboratory instruction 
in physics. In the years 1904-1907, he was busy in the planning, 
construction, and equipment of the Mechanic Arts Building of the 
College of the City of New York. He personally designed much of 
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the equipment for the laboratories and supervised its installation, 
and served as instructor in the mechanic arts and in the mechanical 
laboratory. 

In 1907, Mr. Bruckner was made director of the Mechanic Arts 
Laboratories and instructor in various mechanical engineering sub- 
jects. In 1917 he was appointed assistant professor of mechanical 
engineering. He advanced to the rank of associate professor at the 
beginning of 1929, and was appointed full professor of mechanical 
engineering, in charge of the department, on January 1, 1936. 

Professor Bruckner became a member of the A.S.M.E. in 1919. 
He was also a member of the Society for the Promotion of Engineering 
Education and the American Association of University Professors. 
He was much interested in education in general, and at the time of 
his death was serving his second term as trustee of the Union Free 
School District No. 4, Town of Greenburgh, Westchester County, 
N.Y. He had long made his home in Hastings-on-Hudson, N.Y., 
where he had served as a member of the Hastings Board of Education 
since 1935, and a member of the Hastings Taxpayers Association, and 
was both a member and secretary of the original Riverview Manor 
Association. 

In September, 1898, Professor Bruckner married Mabel C. Earll, 
of Ithaca. He married a second time, in December, 1906, Ella May 
Ford, of Washington, D.C., who survives him. Surviving also are a 
son, Robert Earll, of Vineland, N.J., and three daughters, Mrs. 
Mabel Amelia Chomsland, of Ridgefield Park, N.J., and Mrs. Helen 
Sue Fagans and Mrs. Virginia Ford von Isecke, of Basking Ridge, N.J. 
He also left a sister, Mrs. Annie Hillenbrand, of New York. 


EDWIN BURHORN (1866-1937) 


Edwin Burhorn, president of the Edwin Burhorn Company, of 
Hoboken, N.J., died in Margaretville, N.Y., on September 26, 1937, 
after a brief illness. A sister, Miss Etta Burhorn, and a son, Alfred 
Burhorn, survived him. He had been a member of the A.S.M.E. 
since 1914. 

Mr. Burhorn was graduated from the Stevens Institute of Tech- 
nology in 1885, with a degree in mechanical engineering. The Mor- 
ton Memorial volume published by the Institute in 1905 contains the 
following biography of Mr. Burhorn. 

“Edwin Burhorn was born in New York, June 21, 1866, the son of 
August and Henrietta W. Bickel Burhorn. Both parents were born 
in Germany and came to the United States about 1849, their parents 
being revolutionary exiles. He was educated in the public schools of 
Hoboken, N.J., graduating from Hoboken High School and receiving 
the Stevens scholarship. He served as draughtsman with Henry War- 
den, Germantown Junction, Philadelphia, Pa., manufacturer of boil- 
ers and special wrought-iron work, etc., 1885; and as assistant to the 
general manager of the Franklin Sugar Refinery, Philadelphia, 1885. 
While in the latter position he took entire charge of testing boilers, 
engines, evaporating apparatus, etc., designed and installed a special 
system of draining bag filters by vacuum process, filling char filters 
by automatic spreading-machines, etc. He became interested with 
Mr. B. H. Coffey, ’85 (Stevens Institute), in the Cycle Water Filter, 
having obtained a patent on a special controlling valve mechanism, 
and joined with Mr. Coffey at the shops of Henry Warden, improving 
the filter and placing it successfully on the market. He was with the 
Link-Belt Engineering Co., of Philadelphia and New York, 1890- 
1893, planning many systems of handling material by machinery of 
special design, and afterward took entire charge of the designing de- 
partment of the New York office of the same company. 

“‘In 1893 he started in business as an engineer and contractor under 
the firm name of Warren & Burhorn, changed the following year to 
Burhorn & Granger,* of New York, the firm acting as manufacturers’ 
agents in addition to professional work. This partnership lasted for 
eight years, during which time it installed many complete plants for 
power, heat, and electric light; made several improvements in the 
Woodbury high-speed automatic engine, built by the Stearns Manu- 
facturing Co., and placed the engine in successful operation in many 
places, notably in the World Building, New York. In 1901 the firm 
of Burhorn & Granger was dissolved, Mr. Burhorn opening an office 
for himself in New York, as engineer and contractor, which business 
he is now carrying on. Some of the installations made under Mr. 
Burhorn’s supervision are as follows: Boiler plant at the rope-walks 
of the Boston Navy Yard (750 horsepower); electrical transmission 
plant for the factory of John Mehl & Co., Jersey City Heights; a 
motor-driven swing-bridge over the Passaic River, at Fourth Avenue, 
Newark, N.J.; char-drying equipment and incinerator for sugar- 
baskets at the Arbuckle sugar-refinery, Brooklyn, N.Y., and an Acme 
water-cooling tower at Baltimore, Md. . . . showing a class of work 
of which Mr. Burhorn is making a specialty,—namely, recooling water 


* For biography of Abbott D. Granger, see page RI-55. 
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from condensers in steam plants, or, in ice plants, for recooling water 
from ammonia condensers. He is a member of The Franklin Institute 
of Philadelphia.” 

About the year 1905, cooling towers were designed with perforated 
pans for the cooling surface and with wire mesh placed on the outside 
of the tower to act as louvers to prevent the water from being blown 
away by the wind. Up to the time of his death in 1937, Mr. Burhorn 
had been granted more than fifty patents on cooling towers and aux- 
iliary apparatus. Some of these developments include all-steel and 
all-wood construction, the narrow-type tower, indoor-type installa- 
tion, forced-draft tower, louver fence, and many others for use with 
refrigerating machines, Diesel engines, air compressors, oil-refining 
equipment, and air-conditioning apparatus. Burhorn cooling towers 
are found in all parts of the world and in almost every state in this 
country, in use by manufacturers, food industries, breweries, meat 
packers, dairies, and ice plants. 

In June, 1910, Mr. Burhorn incorporated his company and was 
president and chairman of the board until his death. Because of the 
individual requirements of each cooling-tower installation, the Edwin 
Burhorn Company, engineers, contractors, and manufacturers, car- 
ries through a design from the beginning to the final erection. Other 
equipment manufactured by the company includes spray-pond ap- 
paratus. 


JOHN ALLEN CAPP (1870-1938) 


John Allen Capp died on January 6, 1938, at the age of 68 years, 
He was born in Philadelphia, Pa., on January 14, 1870, and received 
his education at the Central High School (where Prof. Elihu Thomson 
was, at that period, associated with the science courses), and at the 
University of Pennsylvania. In 1892 Capp was engaged by the 
Thomson Houston Electric Company in the mechanical testing labora- 
tory at the company’s West Lynn Works. That laboratory and two 
other laboratories, dedicated respectively to chemical and electrical 
testing and investigations, were located in a very large basement, be- 
low the office building. The equipment of the three laboratories was 
remarkably complete, considering the state of advancement in science 
and engineering at that early period. 

Today such an assemblage of apparatus, machinery, and personnel 
would be termed a research laboratory. It is probable that, at that 
time, no finer testing facilities in the field of general engineering and 
scientific research had ever been provided by any manufacturing cor- 
poration in this country. E. W. Rice, Elihu Thomson, and A. L. 
Rohrer, who had collaborated in the design of this laboratory, were 
justly very proud of it and they brought down from the offices many 
visitors from all over the world. Everything was shown to the visi- 
tors without any reservation whatsoever. Incidentally it served as a 
fine inspiration to the personnel to meet so many distinguished pio- 
neering scientists and engineers. 

Capp’s assignments related chiefly to materials, especially to metals 
and insulation. In those early days, relatively little was known con- 
cerning the properties and characteristics of materials used in the 
manufacture of electrical equipment and products. Much remained 
to be learned. In the course of his professional careersof 45 years, 
Capp contributed a very noteworthy share of the knowledge of these 
materials, which have since been developed, and he aided greatly in 
improving them to their present high quality. In 1892, cast steel was 
just emerging as a rival to cast iron and wrought iron for generators, 
railway motors, and other electrical apparatus. (Outside of railway 
motors, there was at that time no quantity production of electric 
motors for other than extremely small powers.) The kind of sheet 
iron available for armature cores and for transformers not only had 4 

‘high hysteresis loss, but this loss increased rapidly with time in serv- 
ice. However, in conformance with common experience, since we 
had no knowledge that core material several times better ever would 
be developed, most people concerned were fairly contented. Few of 
the faults in insulating materials had yet been overcome; indeed 
they scarcely were realized. The quglity of the oil used in transform- 
ers left much to be desired, and the nature of its faults already was 
being vigorously investigated. The investigations are continuing 
today, almost half a century later. 

In May, 1894, after the Thomson Houston Company and the Edi- 
son Machine Company had been consolidated as the General Electri¢ 
Company, Capp was transferred to the Schenectady Works. In 
1896 he was placed in charge of the Materials Testing Laboratory. 
In this capacity Capp had the responsibility for the preparation of 
specifications for all materials purchased by the company and for 
their inspection and testing. In parallel with these duties Capp was 
constantly carrying on special experimental work and researches 00 
materials and apparatus. Along with other materials, coal was 40 
important item in the list of Capp’s responsibilities and early te 
ceived his active attention. At first, the coal people resented the 1n- 
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trusion of specifications concerning their ‘‘natural’’ product, but soon 
they became impressed by Capp’s fairness and they accepted the 
methods he proposed for sampling and for testing the ash and sulphur 
content and the calorific value. The major burden of these expand- 
ing activities was borne by Capp up to 1927, when his laboratory was 
merged in the new Schenectady Works Laboratory, in which Capp 
became engineer of materials and continued in that position for the 
remaining 11 years of his life. 

Throughout his professional career, Capp was a very active mem- 
ber of several engineering societies, notably The American Society of 
Mechanical Engineers, of which he became a member in 1901, and the 
American Society for Testing Materials, which he served as president 
for the 1919-1920 term. Honorary membership in that society was 
conferred on him in 1937. Many technical papers were contributed 
by Capp in the course of his professional career, not only to these 
societies but also to the American Institute of Mining and Metallur- 
gical Engineers, the British Iron and Steel Institute, and the Insti- 
tute of Metals. 

In 1919 Capp was appointed one of a group of three representa- 
tives of the A.S.T.M. to develop, in collaboration with representatives 
from other societies, the plans for organizing an American Engineering 
Standards Committee. Capp entered upon this task with high en- 
thusiasm. The early steps were beset with tremendous difficulties 
and it was due in no small measure to Capp’s sound judgment and 
organizing experience and ability that finally there emerged from 
those early efforts the highly successful American Standards Associa- 
tion of today. Dr. Agnew, who has been its secretary from almost 
the very beginning, has spoken in the highest terms of Capp’s valuable 
contributions to its successful evolution at various critical stages. 

Cloyd M. Chapman, who also had much to do with the ASA, 
writes: ‘‘My impressions of Capp concerned chiefly his clear, dis- 
tinct, precise thinking and the exactness he displayed in expressing his 
ideas. He hewed to a line and was definite in his ideas. He decided 
quickly and was slow to change or modify a decision once made. He 
seldom needed to. I have enjoyed some lovely arguments with Capp 
even though I often came off second best.”’ 

While the ASA achievement probably is the one of greatest conse- 
quence in the committee field of Capp’s activities, mention certainly 
should also be made of much other fine committee work contributed 
by him. Altogether, as a member of the A.S.T.M. since its founding 
in 1898, Capp served on 18 different committees. Beginning with the 
establishment of the Committee on Copper and Copper Alloy Wires 
in 1909, Capp was its chairman, and his expert knowledge of testing 
methods for determining the properties of nonferrous wire products 
contributed to the development of specifications and practices which 
were for years the standards of the copper industry. Also as an ac- 
tive member of the Committee on Steel, Capp headed up various 
subcommittees and served as chairman of the committee in 1918. 
From 1920 to 1927 he gave much effort to the reorganization of the 
Committee on Methods of Testing and served as its chairman until 
1927. As a member of the A.S.M.E., he served on the Research 
Committee Subcommittee on Bearing Metals (later called the Special 
Research Committee on Bearing Metals), from the time of its ap- 
pointment in August, 1916, for the study of microstructure and hard- 
ness of bearing crystals, until its discharge in December, 1927. 

A. L. Rohrer calls attention to the high opinion of Capp’s abilities 
held by Dr. Chas. B. Dudley in the early years of this century. Dr. 
Dudley was a great pioneer and authority in the field of materials 
specifications and testing, particularly as relating to steel rails and 
similar materials. He acted as Capp’s mentor on many occasions 
and visits were frequently exchanged between himself and Capp at 
Altoona and Schenectady. 

G. H. Wright (who was Capp’s close associate for many years, in- 
cluding the period of the Schenectady activities) and A. L. Rohrer, 
recall that, around 1920, Capp did some early testing which led to the 
substitution of stainless steel for the monel metal buckets in the first 
stages of his company’s steam turbines. With time and experience, 
this practice was extended through the entire stages. Since the last 
few stages require strength beyond the range of monel metal, stain- 
less steel buckets replaced 3!/2 per cent nickel steel. Capp is be- 
lieved to have been the first to suggest this substitution and he worked 
very hard for its adoption. 

In addition to his engineering interests, Capp took great delight in 
music. He was one of the founders of the Schenectady Civie Music 
Association and served as its president from 1932 to 1934. Dr. 
Felix Kleeberg (who was Capp’s chief for some time, in the laboratory 
work in the 1894-1895 period) in reminiscencing about those early 
times, speaks of a trio which frequently met and played the classical 
Haydn trios, Capp playing the piano, a mutual friend (Frank Hol- 
den) the cello, and Kleeberg the violin. 

There are but few now living who were associated professionally 
with Capp when he went to work at Lynn at 21 years of age. J. M. 


RI-49 


Darke, of the Lynn Works of the General Electric Company, refer- 
ring to that early time, states that they all considered Capp as ‘“‘a 
very efficient man, very methodical in his work, and very original in 
such work.”’ A review of his accomplishments in later life more than 
justified these impressions of his early associates. 

A fitting conclusion to this memorial has been furnished by F. M. 
Farmer, long associated with him in committee work, who writes: 
“John Allen Capp leaves with a wide circle of friends and acquaint- 
ances the memory of a man who could be depended upon to conscien- 
tiously carry out any assignment he accepted, a man whose integrity 
was never questioned and who would strenuously contend for what he 
believed to be the right decision, a man whose sound advice was 
widely sought and was always freely given.’’— [Memorial prepared by 
Henry M. Hosart, Schenectady, N.Y., Mem. A.S.M.E.] 


JAMES ADAMS CHARTER (1865-1937) 


James Adams Charter, a member of the A.S.M.E. since 1899, died 
on April 21, 1937. He was born in Sterling, Ill., on July 24, 1865, the 
son of John and Rachel (Adams) Charter. His public school educa- 
tion was supplemented by studies under a private tutor and an ap- 
prenticeship in designing and mechanical work with the Williams & 
Orton Manufacturing Co., of Sterling. Following the completion of 
his apprenticeship in 1883 he worked as a draftsman for this company 
and for H. W. Caldwell & Co., of Chicago, for which he later became 
general superintendent. Other early connections were with the 
Sterling Gas Company and the Sterling Gas & Electric Light Co. 

Mr. Charter was associated with his father in the design of gas en- 
gines, the first patents on which were taken out in 1882. He later 
described the invention as ‘‘the first internal-con:ibustion engine to 
use liquid fuel (gasoline) injected directly into the suction intake of 
the engine (now called the carburetor),’’ and stated that their de- 
signs ‘‘made it possible to adopt gasoline for powering both automo- 
biles and aeroplanes using internal-combustion engines.”” From 
1894 to 1908 he was connected with Fairbanks, Morse & Co., Beloit, 
Wis., in charge of the manufacture of these engines, also representing 
this company in Europe for some time, and during the next four years 
he was with the Austin Manufacturing Company, Harvey, IIl., as 
designing engineer in connection with the manufacture of gasoline- 
driven road rollers. 

In 1910 Mr. Charter became president of the Charter Single Sleeve 
Motor Company, Chicago, developing the rotary-sleeve type of en- 
gine for automobiles and aeroplanes. In 1923 he invented a new 
type engine starter drive, and incorporated a company for its manu- 
facture, Charter Drive, Inc., Chicago, of which he served as president 
until his death. 

Mr. Charter married Miss Julia Wheeler, of Chicago, in 1913, and 
is survived by her. 


LAWRENCE RIPLEY CLAPP (1886-1937) 


Lawrence Ripley Clapp, vice-president, The New Haven Copper 
Company, Seymour, Conn., died on July 9, 1937. He was born on 
February 25, 1886, in Brooklyn, N.Y., the son of William Gamwell 
and Sarah Louise (Ripley) Clapp. He prepared for college in the 
Morristown High School, Morristown, N.J., and was professionally 
educated at Columbia University, where he was graduated with an 
M.E. degree in 1910. Asa student at Columbia he was awarded the 
Illig Medal for his outstanding work in metallurgy and was made a 
member of the honorary societies of Tau Beta Pi and Sigma Xi. 
Later, besides becoming a member of the A.S.M.E. in 1921, he also 
joined the American Institute of Mining and Metallurgical Engineers 
and the Canadian Institute of Mining and Metallurgy, and was a 
licensed and registered engineer in British Columbia. 

From 1905 to 1907, prior to his graduation from Columbia, Mr. 
Clapp served as assayer, surveyor, miner, and millman at various 
mines in the United States and Mexico, for the Cananea Copper Com- 
pany, Federal Lead Company, and Ms. Tecolotes y Anexas. From 
the time of his graduation in 1910 until the World War in 1917, he 
served as superintendent, Loreto Mill (silver), Cia de Real del Monte, 
Pachuca, Mexico; Silver Lake Mines (silver, lead, gold, copper), 
Silverton, Colo.; Sunnyside Mill (silver, lead, zinc), Eureka, Colo. 

When the United States entered the World War, Mr. Clapp became 
associated with the U.S. Fuel Administration, Washington, D.C., as 
chief of States Conservation Section; U.S. Army, New York Dis- 
trict Ordnance Claims Board, New York, N.Y., general assistant; 
and until 1922 he practiced as a consulting engineer in plant manage- 
ment and valuation in New York, N.Y. 

Returning to the mining business in 1922 he served as assistant 
general manager, Granby Consolidated Mining, Smelting & Power 
Co., Anyox and Copper Mountain, B.C.; and in 1924 he returned to 
this country as vice-president and general manager, The New Haven 
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Copper Company, Seymour, Conn., the position he held at the time 
of his death. 

Mr. Clapp stated that he had contributed ‘‘occasional papers in the 
technical press;’’ considered himself ‘‘best qualified for the mining 
and metallurgy of copper, including rolling-mill practice;’’ and had 
taken out ‘‘several patents on the rolling of copper and other ductile 
metals.” 

On April 17, 1915, Mr. Clapp married Miss Helen Tilge, of Phila- 
delphia, Pa., and they had two children: Eleanor Lawrence and 
Marjorie Ripley. 


ERIC HERBERT COSTER (1867-1937) 


Several of the more important railroad power plants in this coun- 
try, together with some private plants, bear testimony to the skill of 
Eric Herbert Coster, engineer of mechanical design for the Interbor- 
ough Rapid Transit Company, New York, N.Y., from 1924 until his 
death in 1937. 

Mr. Coster was born in London, England, on June 9, 1867, the son 
of Fredrick Leonard and Elizabeth (Bradley) Coster, but went to 
Sweden at an early age. He received his preparatory education at 
the grammar school in Uddevalla, Sweden, and the high school in 
Gothenburg, Sweden, and then attended the Chalmers College of 
Engineering, Gothenburg, receiving his diploma on his twenty- 
first birthday. Beginning in March, 1889, he worked for eighteen 
months as a fitter and erecting engineer on steam fire engines and 
pumping machinery for the Ludwigsberg Engineering Company, 
Stockholm. From then until May, 1896, when he came to this coun- 
try, Mr. Coster was superintendent of his father’s woodworking 
plant and planing and sawmills at Uddevalla. 

His first employment after coming to the United States was with 
Sheaff & Jaastad, consulting engineers, Boston, Mass., as a draftsman 
on general plans and details for powerhouses and equipment. In 
April, 1897, he went with the Boston Elevated Railway Company, 
where he was engaged until December, 1898, in drafting and field 
work on powerhouse equipment, especially piping, and in the opera- 
tion of two powerhouses. A brief engagement as a draftsman on 
piping with the New England Gas & Coke Co., Boston, followed, and, 
in March, 1899, Mr. Coster began an association with Westinghouse, 
Church, Kerr & Co., New York, N.Y., which lasted, with a single 
brief interruption, for fifteen years. 

Drafting on building and equipment plans and details for the 
Kingsbridge powerhouse at New York and other powerhouses was 
Mr. Coster’s first work with Westinghouse, Church, Kerr & Co. and 
was interrupted early in 1901, when he went to the London office of 
the British Westinghouse Electric & Manufacturing Co. to design a 
power plant for the Mersey Railway Company, at Birkenhead, and 
the Neasden power plant for the Metropolitan Railway, London. 
He returned to the United States late in 1902 and resumed work for 
Westinghouse, Church, Kerr & Co. as an assistant engineer, being 
subsequently promoted to the position of engineer-in-charge. Some 
of the more important work with which he was associated for the com- 
pany included the design of five electrical substations for the Long 
Island Railroad and inspection of field work in this connection; gen- 
eral design of the power plant for the Congressional Office Buildings 
at Washington, D.C.; general design of the Cos Cob, Conn., power 
plant of the New York, New Haven & Hartford R.R., and arrange- 
ment of equipment; design and equipment of the Waterbury power 
plant for the Connecticut Company; design of producer-gas and gas- 
engine plants for the Harriman Estate at Harriman, N.Y., and pur- 
chase of all equipment, and supervision of field work in connection 
with this plant; similar work in connection with a mechanical-stoker 
and forced-draft installation at the Chicago plant of the N. K. Fair- 
bank Company; and design and construction of an extension to the 
plant of the Fall River (Mass.) Electric Light Company. During 
these years Mr. Coster also did some appraisal work in connection 
with power plants. 

From 1915 to 1917 he was engaged in the design and construction 
of new power plants and extensions to existing power plants for E. I. 
du Pont de Nemours & Co., Wilmington, Del. This employment was 
followed by work with Gibbs & Hill, consulting engineers, New York, 
in connection with the proposed improvement of the Pennsylvania 
Railroad Station at Pittsburgh, from June, 1917, to July, 1918. 
From then to February, 1920, he was engineer-in-charge for Henry R. 
Kent & Co., engineers and constructors, New York. The following 
April he took a position as assistant mechanical engineer with The 
Foundation Company, New York, with which he remained until May, 
1921. About a year later he was appointed assistant appraisal engi- 
neer with the Board of Public Utility Commissioners, State of New 
Jersey, where he continued until May, 1923. He then went to Read- 
ing, Pa., where he was associated with the W. S. Barstow Manage- 
ment Association, until September, 1924, as mechanical engineer in 
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charge of design and construction of a power plant at Middletown, 
Pa., for the Metropolitan Edison Company. From that time until 
his death, which occurred at New York on January 29, 1937, Mr. 
Coster was engineer of mechanical design for the Interborough Rapid 
Transit Company. 

His widow, Mary (Seward) Coster, whom he married in 1903, a 
daughter, Elizabeth, of Holyoke, Mass., and a son, Herbert S. Coster, 
of Orange, N.J., survive him. 

Mr. Coster became a naturalized citizen of the United States in 
1906 and a member of the A.S.M.E. in 1910. 


DUDLEY PEAK CRAIG (1890-1937) 


Dudley Peak Craig, head of the Mechanical Engineering Depart- 
ment of the Colorado State College, Fort Collins, Colo., died on March 
26, 1937, of pneumonia. 

Mr. Craig was born in Ghent, Ky., on November 8, 1890, the son 
of Ulysses Peak and Mollie (Davis) Craig. His early education was 
obtained in the Manual Training High School of Indianapolis, Ind., 
and his engineering course was taken in Purdue University, where he 
was graduated with a B.S. degree in mechanical engineering in 1912, 
and in 1924 was granted an M.E. degree. 

On graduating in 1912, Mr. Craig went to work with the Western 
Electric Company, Chicago, Ill., where he remained five years. His 
work was devoted particularly to manufacturing methods and time 
study, and the development of lead-covered cable. From 1917 to 
1918, Mr. Craig was employed by Landers, Frary & Clark, New 
Britain, Conn., on time studies and factory costs. In 1918, he was 
in the U.S. Army in a field artillery officers training camp, but soon 
afterwards took a position with the Firestone Tire & Rubber Co., 
Akron, Ohio, where he stayed until 1921. He was attached to the 
Industrial Engineering Department in charge of the factory sugges- 
tion system. 

In 1921, Mr. Craig returned to Purdue University as instructor and 
graduate student, obtaining his M.E. degree in 1924. He was ap- 
pointed assistant professor in 1925, and associate professor in 1931, 
He remained in this position until September, 1936, when he went to 
Fort Collins, to take over the chair of mechanical engineering and 
head of the department at Colorado State College, following the re- 
tirement of Prof. L. D. Crain. 

Professor Craig joined the A.S.M.E. as a member in 1925. He was 
honorary chairman of the A.S.M.E. Student Branch at Colorado 
State College at the time of his death. He was also a member of the 
Society for the Promotion of Engineering Education and correspond- 
ing secretary of its Rocky Mountain Section, belonged to the Tau 
Beta Pi and Pi Tau Sigma fraternities, and held the rank of major 
in the U.S.A. Field Artillery Reserves. In collaboration with Hubert 
J. Anderson, he was author of a book, ‘‘Steam Power and Internal 
Combustion Engines,’’ which was brought out by the McGraw- 
Hill Book Company in 1931 (revised edition in 1937). Like many 
other young engineering students and instructors, Professor Craig 
engaged in occasional outside work; thus he worked as machinist 
apprentice for the Big Four Railroad, Beech Grove, Ind., during the 
summers from 1908 to 1911, and also put in another summer (1924) 
with the Cleveland Electric Illuminating Company, on acceptance 
tests of powdered coal boilers, and contributed papers to the Purdue 
Engineering Review and to Power. 

In 1914, Professor Craig married Bessie Sheffer, of Chicago. He is 
survived by her and their four children, Gordon Davis, Mary Ruth, 
Elizabeth Ann, and Donald John, as well as by his mother and three 
brothers, all engineers. 


CALVIN HENRY CROUCH (1870-1937) 


Calvin Henry Crouch, a resident of Cliffside Park, N.J., died sud- 
denly in Oswego, N.Y., on July 13, 1937, shortly after attending a re- 
union of his Class of 1892 at Cornell University. 

Mr. Crouch was born on April 25, 1870, near Oswego, N.Y., the 
son of Henry Theodore and Ruth Lydia (Kenyon) Crouch. He pre- 
pared for college in the Oswego public schools and then attended 
Cornell University, where he was graduated with an M.E. degree. 

Immediately after his graduation, Mr. Crouch spent a year as & 
student apprentice with the Ames Iron Works, Oswego. He then 
worked for a year with the Rome, Watertown & Ogdensburg R.R., 
Oswego, as a machinist, and followed this position by working for 
three years, from 1894 to 1897, as erecting engineer and in experimen- 
tal and test work with the Deane Steam Pump Company of Holyoke, 
Mass. He next spent three years as instructor in machine shop 
practice at the Williamson Free School of Mechanical Trades, Dela- 
ware County, Pa. This was followed by one year erecting locomo- 
tives in Europe as traveling engineer for the Baldwin Locomotive 
Works, of Philadelphia, Pa. 
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In 1901, Mr. Crouch went to the University of North Dakota, 
Grand Forks, N.D., as dean of the College of Mechanical and Elec- 
trical Engineering and professor of mechanical engineering. He held 
this appointment until 1916, when all the engineering interests in the 
university were combined into the College of Technology. Under the 
reorganization, Mr. Crouch became professor of mechanical engineer- 
ing and director of shops. 

In 1919 Professor Crouch took the position of acting dean of the 
College of Technology and professor of mechanical engineering at the 
University of New Hampshire, Durham, N.H. He became dean the 
following year and remained at the college until 1925. From then 
until 1932, he was employed by E. L. Phillips & Co., New York, 
N.Y., as mechanical engineer. 

In 1898, Mr. Crouch married Della L. Newman of Oswego, N.Y., 
who survives him. 

He joined the A.S.M.E. as an associate in 1898, and became a mem- 
ber in 1908. He was also a member of the Society for the Promotion 
of Engineering Education. Mr. Crouch was a Knight Templar in 
the Masonic order, a Baptist in religion, and a Republican in polities. 
His paper, ‘‘Experiments With North Dakota Lignite in a Steam 
Power Plant and a Gas Producer,’’ was published in the A.S.M.E. 
Transactions (vol. 34, 1912, page 795), and the University of North 
Dakota published a Bulletin by him, ‘‘Vocational Training.’”” He 
also wrote several papers that were published in the Proceedings of 
the S.P.E.E. 


ARCHER DAVIDSON (1881-1938) 


Archer Davidson, sales engineer at Boston, Mass., for the West- 
inghouse Electric & Manufacturing Co., died on July 7, 1938. Mr. 
Davidson was born on February 18, 1881, at Farmville, Va., the son 
of William and Julia Flippen (Wiltsie) Davidson. His education 
consisted of six years at public schools, two years at Farmville High 
School, and three years at the Virginia Polytechnic Institute, Blacks- 
burg, Va., where he received a B.S. degree in June, 1902. 

During a portion of the time Mr. Davidson spent at the Virginia 
Polytechnic Institute, he worked at steam fitting in Lynchburg, Va., 
and also on the power plant and steam-heating system for the Virginia 
State Normal School for Women. Upon his graduation from college, 
he went to work as an apprentice machinist with the Westinghouse 
Machine Company, Pittsburgh, Pa., and was soon promoted to as- 
sistant foreman in the steam turbine Erecting and Testing Depart- 
ment. 

In 1903, he was made an assistant in the Turbine Test Department 
and was employed as erecting engineer, under the direction of West- 
inghouse, Church, Kerr & Co., in connection with installations at two 
plants in Maine. In 1904 he returned to the Westinghouse Machine 
Company as erecting engineer, and during the following year he was 
connected with the installation of some twenty turbine units for 
plants furnishing power for cotton mills, electric railway and lighting 
service, and general industrial purposes. 

Mr. Davidson was appointed district engineer for the Atlanta Dis- 
trict of the company in 1905, and remained there until 1915, when he 
was transferred to the Boston Office as sales engineer, in which work 
he continued until his death. He was highly regarded in engineering 
circles for his ability and experience in the design, operation, and 
application of steam equipment, and he was responsible for many of 
the large turbine installations throughout New England. 

During his long service with the Westinghouse organization, Mr. 
Davidson took out a number of patents. Probably the most out- 
standing was one covering the combination impulse and reaction tur- 
bine exploited by the Westinghouse Machine Company, which mate- 
rially shortened the length of the turbine as compared with one of 
equal power having all reaction blading. This patent was sufficiently 
broad in scope to cover any combination type turbine. 

A second patent of importance covered a power plant arrangement 
wherein with an existing non-extraction type turbine, an extraction 
type is installed with feedwater heaters supplied from the extraction 
type unit, serving to progressively increase the temperature of con- 
densate passing from the condensers of both turbines to separate 
boilers, the boiler supplying steam to the extraction turbine operating 
at higher pressure and temperature with the object of improving the 
overall performance. 

Mr. Davidson married Florence Meadows in 1922 and is survived 


by her and by two sisters. He joined the A.S.M.E. in 1907 as an as- 
sociate, 


HENRY S. DEMAREST (1867-1937) 


Henry S. Demarest died on July 11, 1937, at his home in Hemp- 
stead, L.I., N.Y., after a long illness. Mr. Demarest was president 
and treasurer of Greene, Tweed & Co., New York, N.Y., manu- 
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facturers of mill supplies. He was the son of Albert Alonso and 
Constance Marie (Eakin) Demarest and was born on February 1, 
1867, in Brooklyn, N.Y., in the public schools of which city he ob- 
tained his education. 

Mr. Demarest began his business career with the Worthington 
Pump & Machinery Co., then known as Henry R. Worthington. 
While with that firm his attention was drawn to a little-known brand 
of asbestos packing. The qualities of this packing so impressed him 
that he gave up the lucrative position he held and persuaded Greene, 
Tweed & Co., the manufacturers of the packing, to permit him to 
attempt to place their product on the market. His untiring efforts, 
judgment, and faith in the product were eventually rewarded, the 
packing becoming well and favorably known throughout the world. 
Later Mr. Demarest acquired the controlling interest in the com- 
pany. 

Besides his own business, Mr. Demarest was a director of the Union 
Ferry Company of New York and Brooklyn. He was a vice-president 
of the American-Polish Chamber of Commerce and was decorated 
by the Polish government with the medal of the Order of Polonia 
Restituta. During the first World War, he was a member of the 
Executive Committee of the Hardware Metals and Allied Trades 
Committee. 

Mr. Demarest became an associate of the A.S.M.E. in 1914. He 
was also a member of the Union League Club, the Merchants Club, 
the Export Managers Club, the British Chamber of Commerce, the 
Huguenot Society, and the Holland Society of New York. 

Mr. Demarest’s chief hobby was his business; but he was also 
keenly interested in his library and garden. 

He is survived by his widow, Mrs. Frieda J. (Nicholas) Demarest, 
whom he married in 1931, in London, England. 


HERMAN DIEDERICHS (1874-1937) 


Herman Diederichs was elected a junior member of the A.S.M.E. 
in 1904 and promoted to full membership in 1913. In 1930 the Mel- 
ville Medal of the Society was awarded jointly to him and to William 
D. Pomeroy for their paper entitled ‘‘The Occurrence and Elimina- 
tion of Surge or Oscillating Pressure in Discharge Lines From Re- 
ciprocating Pumps.” 

He was appointed a member of the Committee on Awards of the 
Society in 1933 to fill an unexpired term and served as chairman of 
the committee during 1936. He was also a member of the Nominat- 
ing Committee for 1936. He served as a member of the Power Test 
Codes Committee on Reciprocating Steam Engines from 1918 until 
his death, and as a member of the Special Research Committee on 
Bearing Metals from its appointment in 1916 until its discharge in 
1927. He was a representative of the Society on the Division of 
Engineering and Industrial Research of the National Research Coun- 
cil from 1930 to 1933. 

Dean Diederichs had been on the faculty of the College of Engi- 
neering of Cornell University since his graduation there in 1897. 
The following memorial is adapted from an obituary by Dexter S. 
Kimball (whom he succeeded as dean of the College of Engineering) 
which was published in The Cornell Engineer, October, 1937. The 
same issue contained tributes by others who had been associated with 
him, including Livingston Farrand, S. C. Hollister, P. M. Lincoln, 
W. N. Barnard, and Albert W. Smith. 

Dean Herman Diederichs passed away on August 31, 1937, at 
Clifton Springs (N.Y.) Sanitarium of an obscure anemic disease and 
after several months of illness. His death removes another of the 
outstanding figures that have not only made famous the College of 
Engineering of Cornell University, but who, by reason of their per- 
sonal characteristics, gave luster to the entire institution. 

Dean Diederichs was born in Muenchen-Gladbach, Germany, 
August 12, 1874, and received his elementary education there. He 
was the son of Johann Peter and Anna Marie (Kamps) Diederichs, 
and was the oldest of a family of six, all of the remainder of whom 
survive him. These are Mrs. Katherine Shafer, of Brooklyn, N.Y.; 
Mrs. Louise Weber, of Waterbury, Conn.; P. Paul, of Dolgeville, 
N.Y.; Hugo N., of Owens, W.Va.; and William J., of Upper Darby, 
Pa. 

In 1888 his parents migrated to this country and settled in Dolge- 
ville, N.Y. The family was one of modest circumstances, yet means 
were found to send him and others of the family to high school at 
Dolgeville, where he won a state scholarship. He walked to Her- 
kimer, more than twenty miles distant, to take the competitive ex- 
aminations. With this and a promise of financial assistance from 
friends (which did not materialize), he entered Cornell University in 
1893. Here, largely through his own exertions, he not only com- 
pleted his course in engineering in the prescribed four years, with 
such a good record as to be elected to the honorary society of Sigma 
Xi, but he also found time to engage in student activities and was 
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prominent as a shot-putter. He graduated with the degree of M.E. 
in 1897, which, for a person who had to learn English at fourteen 
years of age, must be considered as an accomplishment. 

He won the first Sibley prize in his senior year and the Sibley Fel- 
lowship for graduate study. After a year on this fellowship he was 
appointed an instructor in experimental engineering under Professor 
Rolla C. Carpenter. In 1902 he was promoted to an assistant pro- 
fessorship, to a professorship in 1907, and succeeded Professor Car- 
penter as head of the Department of Experimental Engineering in 
1920. In 1928 he was appointed the first incumbent of the John 
Edson Sweet Professorship, founded in honor of the distinguished 
engineer who at one time was a professor at Cornell. In 1921 he 
became director of the Sibley School of Mechanical Engineering and 
in 1936 he was appointed to the deanship of the College of Engineer- 
ing—a well-deserved honor, which he was fated to enjoy only for a 
little over one year. 

His entire manhood was, therefore, devoted to the service of his 
alma mater, not only in his chosen field, but in many of the broader 
aspects of university life. No man of the faculty was called upon 
more frequently to serve on important committees, and the confidence 
of his colleagues in his sound judgment and honesty is attested by his 
election by the university faculty in 1929 to serve as one of the faculty 
representatives on the Board of Trustees, which office he filled for 
three years. Space does not permit even an enumeration of the many 
services of this sort that he rendered to the university community. 
His service to the College of Engineering was even greater. For 
Many years no important question whether of academic or administra- 
tive character has been decided without seeking his advice and judg- 
ment. The curriculum of mechanical engineering, in particular, has 
been shaped under his guiding hand. He was indeed a wise adviser. 

He was no less active and interested in the problem of student life. 
Interested naturally in athletics, he was for many years a member of 
the Athletic Association and for some years served as president of 
that body. Here, again, his sterling character impressed itself upon 
the difficult problems of athletics, and that this was amply appreci- 
ated by the student body is shown by the following dedication of The 
Cornellian of 1935: 

‘To Herman Diederichs, who for forty-two years has served his 
alma mater as student, teacher, and administrator, and, who, 
through his intense interest and untiring efforts, has succeeded in in- 
augurating a new era in Cornell athletics. For his active participa- 
tion in campus affairs, he will long be remembered, and as a stern 
teacher and a sympathetic, honest friend, the Class of 1935 will revere 
him—Cornell’s Man of the Year.” 

Surely student praise can attain no higher level of appreciation. 

He was vice-president of the second district of the National Colle- 
giate Athletic Association and chairman of the Board of Athletic 
Control of Cornell University. 

Dean Diederichs was essentially a man of scholarly mind and his 
outlook on life was naturally colored by this fine quality. He was an 
authority in the field of experimental engineering. In 1905 he and 
Professor Carpenter collaborated in writing a treatise entitled ‘‘In- 
ternal Combustion Engines” and in 1911 they produced ‘‘Experimen- 
tal Engineering,” which is a standard work in that field. In 1930 he 
and Professor W. C. Andrae collaborated in a monumental treatise 
entitled ‘‘Experimental Mechanical Engineering’ (Volume I, Engi- 
neering Instruments) and Volume II, on testing of power plant ap- 
paratus, was in preparation. He also translated Giildner’s ‘‘Internal 
Combustion Engines’’ from the German. He contributed a number 
of articles to the Sibley Journal and other publications, beginning as 
early as 1900. Among these were ‘Analysis of Coals,”’ ‘‘Comparative 
Tests of Plain and Para-Pneumatic Pulleys,”’ and several reports on 
gas-engine tests. He was the co-author of three bulletins of the 
Engineering Experiment Station at Cornell, dealing with ‘‘The 
Purification of Salt Made From Central New York Brines,”’ ‘‘The 
Heat Transfer From Steam to Heavy Fuel Oil,’”’ and ‘‘Flame Propa- 
gation in Closed Cylinders.’’ He also made many tests and investi- 
gations as a consultant, among which may be mentioned a power 
test on the steamer Morro Castle, of the Ward Line, a report on a 
plant for the production of oxygen, for the American Oxygen Com- 
pany, and, particularly, a voluminous report on the power plant of the 
Hall of Records in New York, N.Y. This test consumed a year and 
the report constitutes a book of 673 pages. 

Dean Diederichs was also a member of the following honorary and 
scientific societies: Quill and Dagger, senior honorary society; Phi 
Sigma Kappa fraternity; Sigma Xi; Tau Beta Pi; Phi Kappa Phi; 
Society of Automotive Engineers; American Society for Metals; 
Verein deutscher Ingenieur; and Society for the Promotion of Engi- 
neering Education. 

His teaching naturally reflected his scholarly habits and Germanic 
thoroughness. He had little sympathy with lazy or indifferent stu- 
dents, but he would go to any length to make a point clear and no 
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student went to him for help and came away empty-handed. Per- 
haps his best teaching work was his lectures on materials of engineer- 
ing given to many generations of electrical and mechanical engineers 
and which, in the opinion of the writer, were classics. He was an ex- 
cellent lecturer and could interest the student in this highly technical 
subject. Of lasting value also is his work in helping to develop the 
present course in experimental engineering than which there is none 
better, if as good, in this country. It should be remembered that the 
engineering experimental laboratory was conceived by Dr. Robert H. 
Thurston at Stevens Institute and brought by him to Cornell in 1885. 
The background of the present course was developed under his guid- 
ance by Professor Rolla C. Carpenter and has been widely copied 
elsewhere. Professor Diederichs, therefore, drank from the original 
source and carried with him to his death the inspiration of these two 
great pioneers. It has been his labor to modify and adapt the course 
to an ever changing industrial world and this he has done in a masterly 
manner, keeping the course in advance of the times, though almost 
always handicapped for lack of money and equipment. It was this 
same inspiration that enabled him to keep the spirit of research alive 
in mechanical engineering, for, in spite of many handicaps, too many 
to enumerate, the long list of scientific publications issued under his 
guidance has continued to grow. His influence and knowledge in this 
important side of the work of the college will be one of its heaviest 
losses, and one that will be impossible to compensate for. Men of 
his thorough scholarly and scientific background and long experience 
in experimental work are rare indeed, and difficult to replace. One 
of the reasons for his wide and deep knowledge lay in his omnivorous 
reading, not only of scientific and engineering literature, but also of a 
broad general character, and this wide reading habit embraced Ger- 
man literature as well as American and English. He was a very well- 
informed man. 

I have always held him in high regard as an administrator. He was 
my close friend for nearly forty years, and my most valued adviser 
during my deanship. Not that we have always agreed on all matters, 
but because of his openmindedness it was always possible to come to 
a conclusion that seemed best and which was mutually satisfactory. 
He never allowed his personal feelings or opinions to affect in any way 
the welfare of any member of the faculty, and his interest in the life 
of the college was deep and fair-minded. He had certain definite 
policies for the future of the college, which I had hoped he would have 
an opportunity to develop, but fate ordained otherwise. That these 
good qualities were fully appreciated by his colleagues, was attested by 
the almost unanimous vote by which his nomination was approved. 

His relations to his students were quite unique. Despite the fact 
that he was a bachelor, he had a real fondness for young people and 
sympathy with their problems. He was far from being a demonstra- 
tive person, and his rather severe countenance and somewhat brusque 
manner were often forbidding to the new student. It usually took 
some experience with him to discover that this rough exterior hid a 
warm and understanding heart. Dr. C. F. Hirshfeld, in an appraisal 
of him on the occasion of his appointment to the deanship, has very 
aptly expressed this quality thus—‘‘In some respects the poorer 
scholars and breakers of rules and regulations among the older classes 
were more fortunate than those who traveled the straight and narrow 
path of scholarship and good conduct. Many of the weak, the lame, 
and mischievous who appeared before Professor Diederichs and his 
associates, by special though not sought after invitation, discovered 
that back of the severe manner of the strict disciplinarian there dwelt 
a kindly, understanding, and human living soul.'’’ He had a fine 
sense of humor through which he could always view student manners, 
and he was fond of relating humorous situations that arose in his con- 
tacts with underclassmen. «Only a short time ago he related to me 
with glee, two absolutely new and equally spurious reasons advanced 
by freshmen, why it was imperative for them to get away several 
days before the beginning of the spring recess. He said that because 
the reasons were at least new and ingenious, though of doubtful valid- 
ity, he granted the requests and laughed heartily. 

No student ever went to him for advice or help on any matter with- 
out receiving assistance, and as freshmen grew into seniors, they ac- 
quired respect, admiration, and often real affection for this rugged and 
unique personality. To hundreds of returning alumni, the campus 
will not be quite the same, because ‘‘Died’’ will not be there. 

One of Dean Diederichs’ most outstanding virtues was his essential 
honesty, not only in matters pertaining to his professional work and 
his teaching, but in all his personal contacts with people. I have 
never known a man on whose word I could more thoroughly rely, or 
one of greater integrity, in all the many transactions that transpired 
between us. He was modest to an extreme degree, which accounted, 
no doubt, for some of his apparent great reserve. He was a sociable 
man, fond of company, and a first-class companion. His wide range 
of reading enabled him to converse intelligently on almost any topic. 
Frailties he no doubt had, as have all of us, but they were over- 
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shadowed by his rugged, upstanding personality, and by the many 
helpful services he rendered to all around him. Like Joseph of Ari- 
mathza, ‘‘he was a good man, and a just,’’ and Cornell University 
and this entire community are the better because he lived and worked 
among us. 


AMELIA EARHART (1898-1937) 


Amelia Earhart was born in Atchison, Kan., on July 24, 1898, the 
daughter of Edwin 8. and Amy Otis Earhart. She was educated in 
the Hyde Park High School of Chicago, at Columbia University, and 
at various other colleges. From 1926 to 1928, she was in charge of 
the girls’ work at Denison House in Boston, and also taught an ex- 
tension course for the Commonwealth of Massachusetts. On June 
17, 1928, she was the first woman to cross the Atlantic Ocean in an 
airplane, going from Trespassey Bay, Newfoundland, to Burryport, 
Wales. From 1928 to 1930, she was aviation editor of the Cosmopoli- 
tan Magazine, and began her career as a pioneer. She has been de- 
scribed as the first woman to fly the Atlantic alone, the first person to 
fly the Atlantic alone twice, the first woman to fly an autogiro, the 
first person to cross the United States in an autogiro, the first woman 
to receive the Distinguished Flying Cross, the first woman to fly non- 
stop across the United States, and the first woman to fly from Hawaii 
to the United States. 

In 1931, she married George Palmer Putnam, who cooperated in 
every way to make her flying possible and to encourage her in her 
pioneer work. The best account of her achievements and her inter- 
ests is contained in her two books, ‘‘20 Hours, 40 Minutes,”’ pub- 
lished in 1928, and ‘‘The Fun of It,”’ published in 1931. They show 
her two chief interests to have been flying and furthering the progress 
of aviation, and increasing opportunities for women to select and go 
forward into careers and at the same time, enjoy home and family life. 

Purdue University is proud that Amelia Earhart became a member 
of its faculty and made outstanding contributions, both in the field of 
aeronautics and in that of careers for women. Her ‘‘Flying Labora- 
tory”’ in which she made her last flight was financed by men affiliated 
with Purdue, and the tragic ending in July, 1937, of her exploratory 
trip around the world, which shocked and saddened the entire world, 
took from Purdue not only a valued and inspiring leader, but a be- 
loved friend. Her portrait hangs in one of the residence halls for 
women and each of the three residence halls has a memorial library 
maintained by the students in affectionate recognition of her contribu- 
tions. President Edward C. Elliott has characterized her perfectly 
in a speech made on the Purdue campus at a Conference on Women's 
Work and Opportunities, October 31, 1937, when he said, ‘‘ Her pri- 
mary interest in life was not in this career of adventure upon which 
she had embarked, but rather in an effort to find and make some addi- 
tion to the solution of the problem of careers for women.”’ 

Miss Earhart had many honors and medals. She was a member of 
many technical groups, including the A.S.M.E., which she joined as 
an associate in 1931, and of many nontechnical groups and clubs. 
Her contributions can be measured by her achievements, but also 
include stimulating and encouraging youth everywhere to adventure 
and to achievement.— [Memorial prepared by LiLu1an M. GILBRETH, 
Montclair, N.J., Mem. A.S.M.E.] 


RALPH EARLE (1874-1939) 


Ralph Earle, Rear-Admiral, U.S. Navy, Retired, president of 
Worcester Polytechnic Institute, died at Worcester, Mass., on Febru- 
ary 13, 1939. He had been president of the Institute since 1925 and 
was made a member of the A.S.M.E. in 1926. 

President Earle was descended from the early settlers of Leicester, 
Mass. He was born in Worcester, May 3, 1874, son of Stephen Car- 
penter and Mary Eaton (Brown) Earle, and after his early education 
in the public schools of Worcester, was admitted to the Worcester 
Polytechnic Institute in January, 1892. A few months later, he took 
the competitive examination for entrance to the United States Naval 
Academy at Annapolis, won the appointment, and was graduated 
there in 1896. e 

He was promoted through the various commissioned grades of the 
Navy, serving in the war with Spain, the World War, and in the 
Philippine and Mexican Campaigns. He soon became conspicuous 
mM matters pertaining to naval ordnance, and in 1916, shortly after 
attaining the rank of captain, he was made the Chief of the Bureau 
of Ordnance, with the rank of Rear-Admiral during the exacting 
World War period. He was responsible for the conception of two of 
the outstanding activities in which the American Navy was engaged 
during the World War. The first had much to do with the defeat of 
the enemy’s submarine warfare and consisted of the design and con- 
struction of a mine barrage across the North Sea. This barrage con- 
sisted of a submerged mine field 230 miles in length and 25 miles wide 
and was the culminating step in combatting the submarine. 
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The second accomplishment was that of the design and the con- 
struction of the 14-inch railway batteries which saw active service in 
France. These naval guns were the largest at the front and resulted 
in cutting the enemy’s main line of communication and unquestion- 
ably paved the way for the Armistice. 

In 1925, he retired from the Navy to accept the call to become the 
president of the Worcester Polytechnic Institute in his native city. 
His record there was one of marked progress for the school, both pro- 
fessionally and materially, and, at the time of his sudden death in 
1939, his comprehensive plan to keep that well-established school 
abreast the field of engineering was well under way and is now being 
pushed to completion. As sixth president of the Institute, his 
administration will be long remembered for the success which he 
achieved in training youth for leadership in the world of science and 
engineering. 

Admiral Earle was a Bachelor of Science, United States Naval 
Academy, and received the following honorary degrees: D.Sc., 
Worcester Polytechnic Institute, 1925; D.Eng., Rensselaer Polytechnic 
Institute, 1926; LL.D., Amherst College, 1929; and LL.D., Clark 
University, 1930. During his naval career, he was honored with 
many decorations both by his own and foreign countries. He was a 
member of the Society of Naval Architects and Marine Engineers and 
of the Society for the Promotion of Engineering Education, as well as 
of a number of other societies and clubs, and was the author of several 
books. 

President Earle is survived by his widow, Janet Turner (Schenck) 
Earle, whom he married in 1898 and who is the daughter of a naval 
officer; a son, Ralph, Jr., who is a naval officer; and a daughter, 
Mary Janet Hines, who is the wife of a naval officer. 

President Earle’s whole career was stamped with the loyalty en- 
gendered in his early naval life and he had to an unusual degree the gift 
of winning the loyalty of his subordinates. Added to this gift were 
his human qualities which made him beloved by all with whom he 
came in contact.—[Memorial prepared by ApmMIRAL WaT TYLER 
C.iuvertivs, President, Worcester Polytechnic Institute. ] 


CHARLES ISAAC EARLL (1863-1938) 


Charles Isaac Earll, of York, Pa., died in New York, N.Y., on 
June 14, 1938, while on a business trip. He was severely injured in an 
automobile accident near Norwalk, Ohio, on October 28, 1937; and 
although he apparently recovered from the effects of the accident, 
he was never well for long afterward, and his death, eight months 
later, was probably an indirect result of the injuries sustained at 
that time. 

Mr. Earll was born at Van Buren, N.Y., on April 11, 1863, the son 
of Myron H. and Asenath (Styles) Earll. He obtained his preparatory 
education at the State Normal School, Whitewater, Wis., and was 
graduated with a B.S. degree in mechanical engineering from the 
University of Wisconsin in 1885. He later took one and one-half 
years’ work in the New York Law School. 

Immediately on his graduation from the University of Wisconsin, 
Mr. Earll went to work for the Filer & Stowell Co., Milwaukee, Wis., 
as machinist and draftsman in the building of steam engines and 
sawmill machinery. From 1886 through 1890, he worked as drafts- 
man and designer on the Paige typesetter, an enterprise conducted 
by James W. Paige, Hartford, Conn., and financed by Samuel L. Clem- 
ens (Mark Twain). In January, 1891, Mr. Earll went to New York 
and was employed as assistant engineer on the several cable-operated 
street railways then in use on Broadway, Columbus, Seventh, Ninth, 
and Lexington Avenues, and Twenty-Third Street. 

From 1894 to 1898, Mr. Earll was superintendent of shops for the 
De Laval Separator Company, Poughkeepsie, N.Y., and from 1898 to 
1915, he practiced in New York as patent solicitor and consulting 
engineer. In 1915, he established his own business in York, Pa., 
manufacturing trolley catchers and trolley retrievers, and continued 
in that work until his death. 

During his long professional career, Mr. Earll took out a number of 
patents relating to cable railways and grips for these railways; 
also on a geared hoist and on a reel for clotheslines, and several on 
springs, working mechanisms, and other details for trolley catchers 
and retrievers. 

Mr. Earll became a member of the A.S.M.E. in 1892. He served 
on the Publications Committee of the Society from 1911 to 1917, 
being chairman in 1914 and 1915; and on the Executive Committee 
of the Susquehanna Section in 1928-1930. He was also a member of 
the Engineering Society of York, and of the Manufacturers’ Associa- 
tion, the Chamber of Commerce, the Lafayette Club, the Country 
Club, and the Rotary Club, all of York, and of the Engineers’ Club, 
of New York. 

In 1905, Mr. Earll married Mary H. Flynn, of New York, who sur- 
vives him. 
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SAMUEL SUMNER EDMANDS (1877-1938) 


Samuel Sumner Edmands was born in Kalamazoo, Mich., on April 
30, 1877, his father being John Edmands, and his mother Maria 
(Goodwin) Edmands. His formal technical education was received at 
Worcester Polytechnic Institute, Worcester, Mass., where he was 
graduated in 1899. During the following year he was employed by 
the American Telephone & Telegraph Co., Providence, R.I. In 
1900 he returned to the Middle West, serving as instructor in elec- 
trical engineering at Ohio State University for one year. In 1901 he 
began his service at Pratt Institute, Brooklyn, N.Y., where he was 
destined to continue for thirty-seven years, and to leave his imprint 
on the development of technical education of the technical institute 
type in this country. 

He served Pratt the first year as instructor, and became head of the 
electrical department the following year. In 1910 Arthur L. Willis- 
ton retired from his position as director of the School of Science and 
Technology at Pratt to become principal of Wentworth Institute, at 
Boston, and the young head of the electrical department was ele- 
vated to fill his position. 

The period which followed 1910 was an important one for technical 
institutes. They were to be called upon, with other educational in- 
stitutions, to give preliminary trade training to United States soldiers 
in 1918, and later, from 1919 to 1925, to train many demobilized 
soldiers who had been wounded in service, or whose physical weak- 
nesses had been aggravated by service. For this work the technical 
institute type of institution proved very useful, for it was accustomed 
to devise courses to meet specific needs, and was free of the inertia of 
large educational systems. Those interested in such courses found 
much to learn at Pratt Institute, because of the prominent position 
of this institute in its field. During all this period Director Edmands 
was quietly effective. During more recent years he expanded the 
Institute’s two-year course to three years, with an optional fourth 
year for a degree. 

Director Edmands joined the A.S.M.E. in 1923 and was a member 
of the Committee on Education and Training for the Industries from 
1924 to 1933. He declined the chairmanship of this committee be- 
cause of the pressure of other duties. His service on the committee 
was wholehearted. He helped select many of the papers that were 
presented at the meetings, and his acquaintance with educators and 
industrial leaders in the East brought the committee into contact with 
effective speakers in the field of education for industry. He was also 
a member of the Brooklyn Engineers’ Club, and of the Society for the 
Promotion of Engineering Education. 

In 1930 Director Edmands received the honorary degree of Doctor 
of Engineering from Worcester Polytechnic Institute. Efforts to 
attract him to positions of greater apparent prominence in education 
failed to move him from Pratt Institute. He was primarily inter- 
ested in the development of the technical institute type of course with 
which Pratt Institute had long been identified, and in which his own 
influence had been great. 

Dr. Edmands’ death on May 24, 1938, was the result of injuries suf- 
fered in the crash of an automobile in which he was a passenger. He 
was at the height of his powers and would have made a considerable 
additional contribution to the field in which he had already done much, 
had he been spared. He was married in 1905 to Althea Florence 
Miller, of Brooklyn, N.Y., and is survived by his widow and a 
daughter, Miss Patricia Edmands.—[{Memorial prepared by JoHN 
T. Faia, Cincinnati, Ohio, Mem. A.S.M.E.] 


LOUIS G. ENGEL (1859-1938) 


Louis G. Engel, who retired from active professional work about 
1905, died on April 19, 1938, at his summer home, New Canaan, 
Conn. Mr. Engel was born on November 29, 1859, in Brooklyn, 
N.Y. He was the son of Frederick Eberhard and Caroline Leonora 
(Gunzenhauser) Engel. He attended Brooklyn public schools, and 
then entered the School of Mines of Columbia University, where he 
was graduated with the Class of 1880 with the degree of Mining Engi- 
neer (E.M.). He then served a partial apprenticeship in shop work, 
and became familiar with ordinary machine tools. 

This was followed by three years’ service as mining engineer for the 
Tilly Foster Iron Mines, Tilly Foster, N.Y., where he had direct 
charge of all underground work. He was then employed for about 
three years as draftsman by the Brooklyn Sugar Refining Company 
and for over a year further as superintendent of construction, with full 
responsibility for all new work. About 1890, Mr. Engel associated 
himself with the New York Sugar Refining Company, under the presi- 
dency of Claus Doscher. This company later becs:ae the National 
Sugar Refining Company, and Mr. Engel remaineu with it until his 
retirement in 1905. 

Mr. Engel married Miss Gesine Doscher, who survives him. He 
became a member of the A.S.M.E. in 1887. 


TRANSACTIONS OF THE A.S.M.E. 


ROBERT HEYWOOD FERNALD (1871-1937) 


Robert Heywood Fernald, director of the Mechanical Engineering 
Department and dean of the Towne Scientific School of the Univer- 
sity of Pennsylvania, died on April 24, 1937, in the University of 
Pennsylvania Hospital, Philadelphia, Pa., of a heart ailment, follow- 
ing a long illness. 

Dean Fernald was the son of Dr. Merritt Caldwell Fernald, a former 
president of the Maine State College of Agriculture and the Me- 
chanic Arts (now the University of Maine), and Mary Lovejoy (Hey- 
wood) Fernald. He was born in Orono, Maine, on December 19, 
1871, prepared for college in the Orono High School, and was gradu- 
ated from Maine State College with a B.S. degree in mechanical 
engineering in 1892. He did graduate work at the Massachusetts 
Institute of Technology, 1892-1893, and in 1898 was granted an M.E. 
degree by the Case School of Applied Science. He was a Fellow in 
Columbia University in 1900-1902, obtaining the A.M. degree there 
in 1901, and the Ph.D. in 1902. 

It was not at all Dr. Fernald’s ambition as a young man to take up 
educational work—he had architecture in mind; but following his 
graduate work at M.I.T., he ran into the depression of 1893, and 
being offered an instructorship in mathematics and mechanical engi- 
neering at the Case School of Applied Science, he accepted it, and 
decided to teach until economic conditions improved. He liked his 
work so well that he never subsequently dropped it, although he 
found time to engage in a wide variety of consulting and professional 
work. 

In 1900, Dr. Fernald left the Case School, where he had been as- 
sistant professor of mechanical engineering since 1896, to take a 
fellowship at Columbia University. Upon the completion of his work 
there in 1902 he became professor of mechanical engineering at Wash- 
ington University, St. Louis, Mo., and remained there until 1907, 
when he returned to the Case School to head its Mechanical Engi- 
neering Department. In 1912, he was called to the University of 
Pennsylvania as Whitney professor of dynamical engineering and 
director of the Mechanical Engineering Department. In February 
of 1930, Dr. Fernald was made dean of the Towne Scientific School, 
which appointment was terminated only by his death. 

In addition to his several earned degrees, the University of Penn- 
sylvania in 1924 conferred upon Dr. Fernald the honorary degree of 
Doctor of Science. He was also a member of the honorary frater- 
nities of Sigma Xi, Phi Kappa Phi, Tau Beta Pi, and Phi Beta Kappa. 
He became an associate of the A.S.M.E. in 1900, member in 1903, 
and Fellow in 1936. He was an active member of the Society for the 
Promotion of Engineering Education. He was a member of the 
Joint Committee of the National Industrial Conference Board and 
Society for the Promotion of Engineering Education on relations 
between technical education and the industries, 1922-1928; and 
served as official representative of the Towne Scientific School in 
the Society for the Promotion of Engineering Education. He be- 
longed to The Franklin Institute, and served as president of the 
Cleveland Engineering Society in 1912. He was a secretary of the 
Engineers’ Club of Philadelphia in 1916, its president in 1922-1924, 
and a member of its Board of Directors, 1924-1927. His club mem- 
berships included the Engineers, University, Manufacturers, and 
Lenape clubs, of Philadelphia. 

Dr. Fernald directed and conducted extensive investigations in 
the United States and Europe for the U.S. Geological Survey and 
Bureau of Mines and prepared exhaustive reports for these bureaus. 
He was engineer-in-charge of the Technologic Branch, U.S. Geologi- 
cal Survey, from September 1, 1904, to July 1, 1910, and consulting 
engineer, Fuel Division, Bureau of Mines, July 1, 1910-1920. As 
consulting engineer for the Public Service Commission of Pennsyl- 
vania, 1913-1915, he formulated rules and regulations for gas, heat- 
ing, and water utilities of Pennsylvania. He was a member of thé 
Conservation State Board, Pennsylvania, U.S. Fuel Administration, 
1918-1919, engineer-member, Giant Power Survey Board of Pennsyl- 
vania, 1923-1926; member, Executive Committee, Third World 
Power Conference, 1935-1936; member, Science Advisory Com- 
mittee, Mechanical Engineering Division, Chicago Century of 
Progress Exposition, held in 1933; member, Board of Directors, 
Philadelphia Sesquicentennial Exposition, held in 1926; member, 
Executive Committee, Traffic Commission, City of Philadelphia, 
1930-1933; member, Greater Pennsylvania Council, 1931; chair- 
man, Committee on Development of Pymatuning Area, Mercer 
County, Pa.; honorary vice-chairman, Engineers’ National Hoover 
Committee, Pennsylvania Section, 1932; engineer-member, Advisory 
Committee, Philadelphia Agency of the Reconstruction Finance 
Corporation, 1932-1933; and chairman, Executive Committee, 
Technical Advisory Council affiliated with Philadelphia Chamber 
of Commerce, 1936-1937. He also carried on a general consulting 
practice in mechanical engineering, especially in fuels and power, 
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and made commercial investigations for numerous firms and indi- 
viduals. 

An easy and prolific writer, Dean Fernald contributed many 
papers, not only to purely technical journals, but to many non- 
technical periodicals. He was also the co-author, with G. A. Orrok, 
of a 600-page university textbook, ‘Engineering of Power Plants,” 
which passed through three editions, 1916, 1921, and 1927. 

As a member of the A.S.M.E., Dr. Fernald served with com- 
petence and loyalty. He was a manager of the Society, 1916-1919, 
and vice-president, 1920-1921. He was one of the Society’s delegates 
to the American Engineering Council in 1921. His committee service 
began in 1911, when he became chairman of the Gas Power Section. 
He was chairman of the Executive Committee of the Philadelphia 
Section in 1915-1916, and a member of the Meetings and Program 
Committee, 1913-1917, serving as chairman the last year. He was 
a member of the Power Test Codes Committee from 1918 until his 
death, and was appointed its acting chairman in 1933 and permanent 
chairman in 1936. He was temporary chairman of Power Test Codes 
Committee No. 16 on Gas Producers during its first year, 1918-1919, 
and continued as a member of the committee until his death. 

In June, 1905, Dr. Fernald married Catherine Mason Coupland, 
of Boone, Iowa. They had three children: Merritt Caldwell, Frances 
Mason, and Mason. His widow and two sons survive him. He aiso 
had three brothers, Merritt Lyndon Fernald, Fisher Professor of 
Natural History, Harvard University, George Bancroft Fernald, 
Master of English at St. Marks School, Southborough, Mass., and 
Reginald Lovejoy Fernald, proprietor of the Pratt Teachers Agency, 
New York, N.Y.; and a sister, Harriet Converse (Fernald) Pierce. 


WESLEY MONTEITH GRAFF (1890-1937) 


Wesley Monteith Graff, director of the Safety Engineering Divi- 
sion of the National Bureau of Casualty and Surety Underwriters, 
New York, N.Y., died on June 5, 1937. Mr. Graff was born on May 
11, 1890, in Brooklyn, N.Y., the son of Charles Edward and Margaret 
(Barclay) Graff. He was educated in the Polytechnic Preparatory 
School, Brooklyn, and in the Sheffield Scientific School of Yale Uni- 
versity, where he obtained a Ph.B. degree in 1911 and M.E. degree 
in 1913. 

Mr. Graff's first practical experience was secured during his college 
vacations: In 1910, with the Pennsylvania Tunnel & Terminal R.R. 
Co., as draftsman in connection with tunnels and terminals in New 
York, and as assistant engineer on acceptance tests of electric loco- 
motives; in 1911, with the Hartford Electric Light Company, in charge 
of an investigation and cost-comparisons of steam and water power 
for central-station use; in 1912 and 1913, with the Edison Electrical 
Illuminating Company of Brooklyn as assistant power engineer on 
sales of industrial electric power, and laying out and supervising the 
installation of industrial power, heating, and lighting equipment. 

After his graduation, from September, 1913, to April, 1918, Mr. 
Graff was employed by the Graves Engineering Co., Inc., New York, 
consulting engineers, first as chief mechanical engineer, and, from 
October, 1917, as vice-president. His work chiefly concerned the 
design, construction, and operation of electric public utilities; design, 
specifications, investigations, and reports pertaining to industrial 
power, heat, and illumination; studies of special mechanical manu- 
facturing processes; and the design of special machinery. 

Mr. Graff served from April, 1928, to December of the same year 
with the Engineering Division of the Ordnance Department, Wash- 
ington, D.C., as director of the preparation of specifications for the 
Motor Equipment Section, covering trucks, tractors, tanks, mobile 
machine and repair shops, and allied matters. In December, 1918, 
he became vice-president of the Graves, Graff & Dresser Co., New 
York, and in August of the following year, he formed his own com- 
pany, the Graff Engineering Corporation, New York, consulting 
engineers, specializing in design, investigations, and reports pertaining 
to industrial power, heat and illumination, and to the elimination of 
industrial waste by the improvement of manufacturing processes and 
equipment. He was president of the company until it was discon- 
tinued in 1931 when he became director of the Safety Engineering 
Division of the National Bureau of Casualty and Surety Under- 
writers. 

Mr. Graff was elected a member of the A.S.M.E. in 1923. He 
served on the Society’s Safety Committee from 1931 until his death, 
being a member the first three years, chairman two years, and ad- 
visory member the remainder of the time. He was the Society’s 
Tepresentative on the Sectional Committee on a Safety Code for Walk- 
way Surfaces from October, 1932, until his dea’. He had served 
since 1931 for the National Bureau of Casualuy and Surety Under- 
writers on several other safety code committees. He was also a mem- 
ber of the Illuminating Engineering Society, Alpha Chi Rho frater- 
hity, and the honorary society of Sigma Xi, and the Union Club of 
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New Jersey. He had served as chairman of the Republican Com- 
mittee in Westfield, N.J., where he made his home. 

In 1913, Mr. Graff married Marjorie Higgins, and three children 
were born to them: Marian Barclay, Wesley Monteith, Jr., and 
Barbara Preston Graff. 


ABBOTT DEAN GRANGER (1870-1938) 


Abbott Dean Granger, president of the Granger Machinery Cor- 
poration, New York, N.Y., died at his home in Oakland, N.J., on 
September 27, 1938. Surviving him are Mrs. James S. (Peters) 
Granger, whom he married in 1895, and three daughters, Althea 
(Granger) Ross and Barbara S. Granger, of Ridgewood, N.J., and 
Olive (Granger) Oliver, of White Plains, N.Y. 

Mr. Granger was born in New York on December 3, 1870, son of 
John Calvin and Althea (Dean) Granger. He attended high school 
in Brooklyn and secured a C.E. degree at the School of Mines, Colum- 
bia University, in 1892. For about eight years thereafter he was as- 
sociated with Edwin Burhorn* in the firm of Burhorn & Granger, en- 
gaged in the installation and equipment of plants for power, heat, and 
electric light, and other contracting and engineering work. He then 
established the A. D. Granger Co., New York, and served as president 
of it and of its successor, in 1935, the Granger Machinery Corpora- 
tion, until his death. The company designed, sold, and installed 
power plant machinery and other equipment. 

Mr. Granger was elected a member of the A.S.M.E. in 1915 but 
accepted a loss in seniority in 1936 and is recorded as a member of 
that year. He belonged to the Columbia University Club and was 
at one time a member of the Brooklyn Engineers Club. 


JOHN WILSON WISHART HALLOCK (1888-1937) 


John Wilson Wishart Hallock, secretary of the General Alumni 
Association of the University of Pittsburgh, died on July 17, 1937, in 
the West Penn Hospital, Pittsburgh, Pa., after a long illness. 

He was born at Pittsburgh on December 27, 1888, the son of Har- 
vey T. and Ellen (Wishart) Hallock. He secured his preliminary 
education in the public schools of his native city, and then entered 
the University of Pittsburgh, where he was graduated with the B.S. 
degree in mechanical engineering in 1912, and in 1915 was granted 
the M.E. degree. In 1936 the degree of doctor of philosophy in 
economics was conferred upon him by the university. 

From July, 1912, to October, 1913, he worked as assistant engineer 
for the Harris Pump & Supply Co., Pittsburgh, on the design, con- 
struction, and erection of hydraulic machinery. He was then em- 
ployed for seven months as draftsman and junior engineer by the 
War Department, in the Engineer Depot, Washington, D.C. In 
June, 1914, he returned to the Harris firm in Pittsburgh, as assistant 
to the vice-president in executive and sales work. A year later he was 
engaged as instructor in cooperative work, by the School of Engineer- 
ing, University of Pittsburgh, and subsequently became director 
of this work. An article by him entitled, ‘The Cooperative Plan of 
Engineering Education,”’ published in the Bulletin of the Society for 
the Promotion of Engineering Education (vol. VIII, no. 1, September, 
1917, pp. 12-24), describes the plan in some detail. In May, 1917, he 
began a term of active service with the U.S. Army, Corps of Engineers, 
entering as second lieutenant and being discharged, February 10, 
1919, with the rank of captain in that corps. During the greater part 
of the time he was in charge of production districts for the Géneral 
Engineer Depot. At the time of his death, he was colonel in the 
Corps of Engineer Reserves, and chief of the Pittsburgh Procurement 
District. 

After leaving active service in 1919, Dr. Hallock resumed his former 
occupation as director of cooperative work in the University of 
Pittsburgh, but in October, 1919, he returned to the Harris Pump & 
Supply Co., as sales manager. However, about a year later he went 
back to the University of Pittsburgh as professor and head of the 
newly established Department of Industrial Engineering, in addition 
to resuming the directorship of the cooperative work; he also con- 
tinued to act for the Harris Company in a consulting and sales organ- 
izing capacity. After eighteen years of active faculty service, Dr. 
Hallock was asked to take charge of the reorganization of the Univer- 
sity’s General Alumni Association. He became its secretary on Au- 
gust 1, 1933, and soon had it functioning. He took over this task 
when interest was at a low ebb, and built up its files of names and 
addresses from about 7,000 to more than 25,000. 

He joined the A.S.M.E. as an associate-member in 1919 and was 
promoted to member in 1922. He was also a member of the Society 
for the Promotion of Engineering Education and the American 
Economics Association, of the national fraternity of Phi Gamma 
Delta, the Rotary and University clubs of Pittsburgh, the honorary 


* For biography of Edwin Burhorn, see page RI-48. 
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fraternities, Sigma Tau and Omicron Delta Kappa, and of Scabbard 
and Blade, honorary military fraternity. He was a ruling elder in 
the Shadyside Presbyterian Church of Pittsburgh and general super- 
intendent of the church school. 

Dr. Hallock is survived by his widow, Mrs. Eva (White) Hallock, 
whom he married in 1914, and by two daughters, Janet Thomson 
and Eleanor Wishart Hallock. 

He was the author of a number of published articles, principally 
on industrial safety, and of a widely known text, ‘Production Plan- 
ning, Its Engineering Elements,’’ published by the Ronald Press in 
1929. In 1931 the outline of his work in industrial safety engineering 
was published by the National Safety Council and adopted as a 
standard text. 


RUDOLPH K. F. HARTIG (1892-1937) 


Rudolph K. F. Hartig, an engineer in the service of the Brooklyn 
Edison Company, Inc.,‘died on June 9, 1937. Mr. Hartig was born 
at Waukesha, Wis., on March 24, 1892, the son of William and Fred- 
rika (Dittman) Hartig, and obtained his preparatory education in the 
Waukesha public schools. He served in the U.S. Navy as a fireman, 
1917-1919, and after the close of the World War entered Montana 
State College, from which he was graduated in 1925 with a B.S. de- 
gree in mechanical engineering. 

From October, 1925, to July, 1927, Mr. Hartig was employed by 
the Brooklyn Edison Co., Inc., as junior engineer in power plant work, 
supervising the installation and maintenance of central station instru- 
ments. He also assisted in testing various equipment units, such as 
turbogenerators, condensers, boilers, stokers, and auxiliaries. In 
July, 1927, he was transferred to the main office of the Brooklyn Edi- 
son Co., where he was given charge of the preparation of reports and 
articles for A.S.M.E. and N.E.L.A. publications. He cooperated in 
obtaining and preparing data for a number of progress reports of the 
A.S.M.E. Special Research Committee on Condenser Tubes, 1927- 
1933, and pre ared the N.E.L.A. Prime Movers Committee Serial 
Reports on Stoker Equipment and Furnaces, 1927-1928, and the 
Foreign Developments Report, 1929-1930. He also made plant 
betterment studies for the company. 

Mr. Hartig joined the A.S.M.E. as an associate-member in 1930, 
and was automatically transferred to the grade of member in 1935. 
He served on the Annual Meeting Excursions Committee in 1929, 
1930, and 1931, as chairman the last year. 

In 1926, Mr. Hartig married Anna O’Hare of Brooklyn, N.Y., who, 
together with their two children, William J. and John G. Hartig, sur- 
vives him. 


PHILIP MOULTON HATHEWAY (1885-1937) 


Philip Moulton Hatheway, of Brooklyn, N.Y., died at ‘‘Mowsglis, 
School of the Open,’”’ East Hebron, N.H., on July 21, 1937. Mr. 
Hatheway was born in Boston, Mass., on October 19, 1885, the son of 
Amos L. and Cora L. (Moulton) Hatheway. He prepared for college 
at the Phillips Exeter Academy, from which he entered the Sheffield 
Scientific School of Yale University, being graduated from there in 
1907 with a Ph.B. degree. 

Following his graduation, Mr. Hatheway entered the employ of the 
Stanley Works, New Britain, Conn., where he worked in the office 
and cold rolled steel mill for about two years. He then served suc- 
cessively as field clerk, draftsman, and assistant engineer with West- 
inghouse, Church, Kerr & Co. He engaged in both inside and outside 
work in connection with various construction jobs and was connected 
with organization work at the main office of the company in New 
York, N.Y. In 1913, he went with the American Felt Company, 
Boston, Mass., as plant manager, remaining there until 1915, when 
he took a position with the Associated Factory Mutual Fire Insurance 
Company, Boston, making fire insurance surveys, inspections, and 
reports. In 1916-1917 he was connected with the International Steel 
& Ordnance Corp., Lowell, Mass., putting a detonator plant into 
production. The following year he was employed by the Interna- 
tional Register Company, of Chicago, on war work. He acted as 
assistant to the president, directly connected with the manufacture 
and inspection of navy, ordnance, and signal corps matériel. 

From 1918 to 1932, Mr. Hatheway was employed by the National 
Lead Company, of New York, N.Y. He was chief engineer at the 
Atlantic Works, Brooklyn, during the early part of the time, later 
becoming assistant superintendent of the plant, which position he 
held until he resigned in 1932. 

Mr. Hatheway married Clitheroe James, of Brookline, Mass., in 
1918, and is survived by her and their son Dean Moulton, and 
daughter, Clitheroe Dean Hatheway. Mr. Hatheway listed his rec- 
reations as canoeing and camping, and his hobby as photography; 
his religion as Congregational and his politics as Republican. He 
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was a member of the Yale Club of New York, Appalachian Mountain 
Club of Boston, and the Masonic fraternity. He joined the A.S.M.E. 
as a junior in 1913, and was promoted to the member grade in 1921. 


CHARLES GILBERT HAWLEY (1868-1939) 


Charles Gilbert Hawley, lawyer, scientist, and internationally 
known inventor, son of the inventor, Benjamin Ruggles Hawley, and 
Rosamond (Hall) Hawley, was born in Normal, Ill., on June 20, 1868. 
His parents were early Illinois pioneers. 

Mr. Hawley’s early schooling was in Chicago, Ill. He attended 
Cornell University for his academic work and took his graduate work 
at Northwestern University, from whose Law School he received the 
Bachelor of Laws degree on June 11, 1890. He immediately entered 
the active practice of the law, specializing in all branches of patent 
law. Because of his keen inventive analytical mind he rose rapidly 
and was in great demand by prominent corporations who recognized 
his great ability as both technical adviser and trial expert. In the 
beginning of the century he moved his offices from Minneapolis, 
Minn., where he started his practice, to Chicago, where he had his 
headquarters, but divided his time between his offices there and in 
New York and Washington. He kept his legal residence in Chicago 
until January, 1938, when he changed it to Cleveland, Ohio. 

One of Mr. Hawley’s early associations was as counsel and large 
shareholder of the Universal Rim Company, who owned the patents 
on the Baker demountable rim, the first demountable rim on the mar- 
ket. He was also one of the first inventors to conceive the idea of the 
front-wheel drive for automobiles, but did not push it because of his 
belief that it was too far in advance of the industry to be at that time 
profitably marketable. 

Mr. Hawley was an officer and large stockholder of the Locomotive 
Fire Box Company, who manufactured and marketed, under patents 
assigned to it by Mr. Hawley, the Nicholson thermic syphon, used by 
more than one hundred railroad companies in this and foreign coun- 
tries. He severed his connections with this company a few years 
ago, after which he took out domestic and foreign patents on an im- 
proved downflow thermic syphon, which patents he assigned to the 
Downflow Syphon Company, of which he became an officer, large 
stockholder, and technical adviser. This new syphon is now being 
marketed by this company. 

In 1924 Mr. Hawley organized and became president of Centrifix 
Corporation, with headquarters in Cleveland. This company manu- 
factures and markets outstanding high-efficiency centrifugal separa- 
tors and purifiers for the removal of solids and other objectionable en- 
trainment from steam, gas, air, and vapor. Through Mr. Hawley’s 
ingenious inventions this company also developed high-speed tar ex- 
tractors, fractionating units, and gas scrubbers of a standard of effi- 
ciency equal to that of his purifiers. During the time Mr. Hawley 
was directing head of Centrifix Corporation, a position he held until 
his death on April 16, 1939, he invented, perfected, and assigned to 
this company eighty-six United States patents and a great number of 
foreign patents under which the company now operates. The basis 
and most remarkable part of these inventions.is that none of the 
equipment has any moving parts, which makes them of lifelong dura- 
tion. 

During the last fifteen years of his life Mr. Hawley spent much of 
his time in the development of a new type of sewage treatment plant. 
His main aim in this was to be able to give to the public at a very low 
cost a complete sewage treatment apparatus that required little space, 
is easily installed, operates at a minimum operating cost, and is 
easily added to if necessary. «These plants were designed especially 
for small communities which in the past have been denied the benefits 
of sewage treatment because of the costs involved. The Hawley 
Engineering Company has taken up where Mr. Hawley left off and 
is carrying forward his ideas for the further development and mar- 
keting of these sewage disposal plants. The future development of 
these plants is based upon patents granted or applied for by Mr. 
Hawley during his life. 

Mr. Hawley had been a member of the A.S.M.E. since 1926. He 
also belonged to the Masonic fraternity. 

Mr. Hawley was an individualist of the old school. He was a man 
of force and indomitable will, but endowed with a big heart and a 
loyalty to his friends which was unshakable. His friends and those 
who knew him loved and respected him and have deeply mourned 
their loss. His work and his family occupied all of a full, successful, 
and praiseworthy life. His death brought to him a well deserved 
rest—a rest he did not have time to take during his life. 

Mr. Hawley is survived by his wife, Virginia (Taylor) Hawley, and 
three children, Hope (Hawley) Degenhardt, John Stuart Hawley, and 
Charlotte (Hawley) Laier.—[{Memorial prepared by Ranpa.u T. 
Exuiorr and Husert H. Ricnarpson, Cleveland, Ohio, nephews of 
Mr. Hawley.] 
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SOCIETY RECORDS, PART II—MEMORIAL BIOGRAPHIES 


ROBERT THOMPSON HAZELTON (1883-1937) 


Robert Thompson Hazelton, secretary-treasurer of The Cincinnati 
Shaper Company, died suddenly of thrombosis on March 3, 1937, in 
Cincinnati, Ohio. Mr. Hazelton was born in Petoskey, Mich., on 
July 17, 1883, the son of Wilbur and Margaret (Patterson) Hazelton. 
He obtained his early education in the public schools of Petoskey, 
and Medina and Rochester, N.Y. He also attended the Rochester 
Business Institute for one year; took a four-years’ course in the 
Mechanics’ Institute of Rochester, covering such subjects as are 
usual in a course in mechanical engineering; and served an apprentice- 
ship as a machinist at the A. L. Sweet Iron Works, Medina, working 
on general manufacturing, tools, and jigs. During the summer of 
1901 he worked in the drafting room of the A. L. Sweet Electric Light 
& Power Co., manufacturers of motors and other electrical apparatus. 

In October, 1901, Mr. Hazelton entered the employ of Charles 
Bridgeford, Rochester, N.Y., manufacturer of machine tools and 
special machinery, and spent about six months there on shop work. 
Later he designed and patented the line of machine tools built by the 
Bridgeford Machine Tool Works, of Rochester, which company was 
successor to Charles Bridgeford. Here he had charge of drafting and 
design, and specialized in designs for jigs and fixtures used with the 
machine tools manufactured by the company. 

Mr. Hazelton did special work at the University of Rochester in 
1909, and then returned to the Bridgeford Machine Tool Works as 
superintendent. In March, 1911, he was engaged by the Cincinnati 
Milling Machine Company, on supervision of tools; in 1914, he was 
made head of the Engineering Department; in 1915, works manager 
and chief engineer. In June, 1920, Mr. Hazelton became works 
manager of The Cincinnati Shaper Company and was made treasurer 
in 1927. While at The Cincinnati Shaper Company he developed a 
line of machine tools and sheet metal working equipment; these ma- 
chines today are recognized leaders in their particular fields. 

He joined the A.S.M.E. as a junior in 1909, and was promoted to 
member in 1916. He served from September, 1929, to October, 1936, 
on Subgroup No, 7 on Gear Cutting and Hobbing Machines of Tech- 
nical Committee No. 4 on the Standardization of Spindle Noses and 
Collets for Machine Tools of the Sectional Committee on the Stand- 
ardization of Small Tools and Machine Tool Elements. He was also 
a member of Technical Committee No. 1 on T-Slots of the Sectional 
Committee on the Standardization of Small Tools and Machine Tool 
Elements from September, 1924, to the date of his death, representing 
the National Machine Tool Builders’ Association. Mr. Hazelton 
was an active member of the committee appointed in 1931 by the 
Industrial Commission of Ohio to study and to develop better means 
for the safeguarding of metal-working machinery. 

Mr. Hazelton was director of the Engineers’ Club of Cincinnati for 
several years. He also belonged to the Cincinnati Club, the Hyde 
Park Country Club, and the Masonic order. He was twice married; 
his first wife, Miss Rose Westcott, predeceased him. His second wife 
was Mrs. Lydia Jenkins, by whom he is survived, as well as by three 
children: Mrs. Rupert Benson of Camp Hill, Pa.; Burton Hazelton, 
of St. Louis, Mo.; and Merrill Hazelton, of Cincinnati, Ohio. 


NATHANAEL GREENE HERRESHOFY (1848-1938) 


Nathanael Greene Herreshoff, retired president of the Herreshoff 
Manufacturing Company, died at his home in Bristol, R.I., on June 
2, 1938, after a year's illness. At the time of his death Mr. Herres- 
hoff was ninety years of age. 

While famous primarily for his achievements in the field of yacht 
design, which gained for him among yachtsmen the name ‘Wizard of 
Bristol,’ Mr. Herreshoff had to his credit many noteworthy accom- 
plishments in mechanical engineering, which led to his election to 
honorary membership in the A.S.M.E. in 1921. 

Mr. Herreshoff was born in Bristol, R.I., on March 18, 1848, the 
son of Charles Frederic and Julia Ann (Lewis) Herreshoff. He re- 
ceived his early education in the public schools of Bristol and his ad- 
vanced technical training at Massachusetts Institute of Technology, 
which he attended from October, 1866, to May, 1869. He was 
awarded the honorary degree of Master of Science in 1896 by Brown 
University, a recognition peculiarly fitting, in consideration of the 
fact that his great-grandfather, John Brown, was the founder of that 
institution. 

Upon completion of his education, Mr. Herreshoff joined the Cor- 
liss Steam Engine Company of Providence, spending nine years with 
that organization, first as draftsman, later engaged in engine adjusting, 
and finally in charge of steam and hydraulic engi.zering, particularly 
in connection with the development of large pumping engines. While 
with the Corliss company one of his most important responsibilities 
was the conduct of experiments and the testing of material for the 
construction of the famous engine which furnished the motive power 
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for the Centennial Exposition in Philadelphia in 1876. Mr. Herres- 
hoff was also in charge of the installation of this engine, starting it, 
and conducting power tests. During this period in his career as one 
of the pioneers in the design of compound steam engines, he was 
awarded two patents on steam engine governors. 

The Herreshoff Manufacturing Company of Bristol was founded 
in 1863 by Mr. Herreshoff’s older brother, John Brown Herreshoff, 
who remained at the head of the concern until his death in 1915. 
Nathanael Herreshoff’s interest in boats dated from the early years 
of his youth on the shores of Narragansett Bay, for it is reported that 
at the age of ten he designed and built a twenty-foot catboat, the 
forerunner of the series of fast sailing yachts which made his name 
known throughout the yachting world. While still connected with 
the Corliss company he did a certain amount of designing for his 
brother John, hence it is not surprising that in 1878 he joined the 
Herreshoff company as designing engineer and superintendent of con- 
struction. After the death of his brother, Mr. Herreshoff became 
president of the company, serving in this capacity until 1925 when 
the concern was reorganized and he retired. 

During its early years the Herreshoff Company was engaged in the 
construction of sailing vessels, but in the 1870's its interest turned to 
the production of fast steam-driven craft, Nathanael Herreshoff’s 
knowledge of steam power playing a large part in its success. In 
1876 he designed the first torpedo boat for the United States Navy, 
the boiler being designed by his brother James. . The success of this 
craft led to the receipt of orders for many similar vessels from several 
foreign governments. During this period Mr. Herreshoff was 
awarded several patents on details of construction of steam engines, 
and perfected the design of coil boilers for use on steam yachts and 
other fast steam-powered vessels. His ingenuity in the reduction of 
unnecessary weight in power plants became evident at this time, and 
his engineer’s craving for efficiency in design carried over into his 
later work with fast sailing yachts. The fundamental soundness and 
advanced character of his designs may be appreciated when it is real- 
ized that many winches and other devices designed by him were still 
in use on Ranger, the last America’s Cup Defender, sailed in 1937. 

In the late 1870’s Mr. Herreshoff began his experimenting in the 
field of fast sailing yachts, the field in which he was preeminent until 
his retirement. Probably the first of his creations to cause excitement 
in yachting circles was Amaryllis, a double-hulled sailing catamaran 
built in 1877, which showed remarkable speed and led to arguments 
among racing committees of that day. This craft was followed in 
1891 by Gloriana, a boat which may be said to have truly revolu- 
tionized the design of racing yachts, since she was the first to embody 
such features as the spoon bow and long overhangs which gave the 
yacht a greatly increased sailing length when heeled. Gloriana’s 
phenomenal speed and racing success, together with that of Wasp, 
built in the following year, brought the designer to the attention of 
the yachtsmen of this country and led to the production of a long line 
of yachts which were to make international yacht-racing history. 

In 1893, when another challenge for the America’s Cup was re- 
ceived from England, Nathanael Herreshoff was in the front rank of 
American yacht designers, and it was inevitable that he should be 
called upon to design a defender. He produced Vigilant, which de- 
feated Lord Dunraven’s Valkyrie IJ in three straight races. This 
success was followed by Defender, which defeated Valkyrie III in 
1895 and by Columbia which defeated the first of Sir Thomas Lip- 
ton’s Shamrocks in 1899 and repeated against Shamrock II in 1901. 
The long series of Herreshoff defenders was completed by Reliance 
in 1903 and Resolute in 1920, these two defeating Lipton’s Shamrocks 
IIT and IV. 

In 1925 the Herreshoff Manufacturing Company was reorganized 
and Nathanael Herreshoff retired from active participation in the 
business. The company, however, continued its connection with 
the defense of the America’s Cup, for Enterprise and Rainbow, the 
successful defenders of 1930 and 1934, were built at its Bristol plant 
from designs by W. Starling Burgess. Mr. Herreshoff continued his 
active interest in yachting and yacht designing as long as his health 
would permit, his last design being the yawl Belisarius, which he de- 
signed for Commodore Carl B. Rockwell of Bristol in 1935. 

On March 18, 1938, the Town Council of Bristol took note of Mr. 
Herreshoff’s ninetieth birthday by the passage of a testimonial resolu- 
tion which evidenced the high esteem in which he was held by his 
fellow citizens. This resolution testified in part that ‘by his extraor- 
dinary talents and genius for marine architecture—by his sterling 
character and integrity, by his interest in Bristol both as a just and 
fair employer and as a worthy citizen, extending over an unusual pe- 
riod of years, he has endeared himself to our people and brought re- 
nown upon his native town, placing our citizens under lasting obliga- 
tions to him.” 

While Mr. Herreshoff's fame depended chiefly upon his achieve- 
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ments as a designer of racing yachts, his accomplishments as an engi- 
neer in steam power plant development would in themselves have 
made his career of importance. His genius lay in the combination of 
accurate science with the less definite characteristics of art which has 
marked the great designers in all fields. 

In addition to his honorary membership in the A.S.M.E., Mr. 
Herreshoff was also a member of The Society of Naval Architects 
and Marine Engineers, The Franklin Institute, and the Institution 
of Naval Architects of London. 

Mr. Herreshoff was married in 1883 to Clara A. DeWolf, who died 
in 1905. In 1915 he married Ann R. Roebuck, who survives him. 
Surviving him also are four sons: A. Sidney of Bristol, A. Griswold 
of Grosse Pointe, Mich., L. Francis of Marblehead, Mass., and Clar- 
ence DeWolf of Bristol; also one daughter, Miss Agnes M. Herres- 
hoff of Bristol. Of the sons, A. Sidney and L. Francis are following 
their father’s career of naval architecture.—[Memorial prepared by 
Z. R. Buss, Providence, R.I., Mem. A.S.M.E.] 


ED HILL (1876-1937) 


Ed Hill, superintendent of the City Water and Light Plant, Jones- 
boro, Ark., died on July 17, 1937. 

Mr. Hill was born at Olney, IIl., on May 4, 1876, the son of Kizziah 
and Edward F. Hill. He attended the Olney schools and in 1890 
entered the service of the Olney Edison Electric Light Company, as 
apprentice operating engineer. He remained in Olney until 1895, 
when he went to Flora, IIl., as assistant foreman on the construction 
of a power plant, of which he subsequently became operating engi- 
neer. 

He was employed from 1900 to 1904 by the St. Louis-San Fran- 
cisco Railway Company, at Springfield, Mo., on field construction 
work. He then became lineman for the City Water and Light Plant 
of Jonesboro, for which he later served as chief engineer, and sub- 
sequently superintendent in charge of construction, operation, and 
maintenance of plants, which position he was holding at the time of 
his death. Mr. Hill was largely responsible for the design, construc- 
tion, and equipment of the present Jonesboro power plant. 

Mr. Hill became a member of the A.S.M.E. in 1932. He married 
Miss Kate Galbraith, of Flora, IIll., in 1899, and is survived by her 
and one daughter, Helen (Hill) Roth. 


GEORGE N. HINCHMAN (1866-1937) 


George N. Hinchman, of Webster Groves, Mo., died on May 25, 
1937. At the time of his death, Mr. Hinchman was engineer in charge 
of development and design for Otto Eick, Inc., of St. Louis, Mo. 

He was born on March 17, 1866, at St. Louis, the son of George 
Nichol and Elizabeth (McFarland) Hinchman. He obtained his 
elementary education in the grade schools of St. Louis, and was gradu- 
ated in 1884 from Washington University, in mechanical engineering. 
He served as an apprentice from 1884 to 1886 in the Standard Foun- 
dry Company of St. Louis, and from 1886 to 1890, under Charles K. 
Pickles, of St. Louis, learning drafting and machine design. 

From 1890 to 1899, Mr. Hinchman was in charge of drafting and 
design for the Falls Rivet & Machinery Co., Cuyahoga Falls, Ohio, 
and as their engineer was responsible for all plant layouts and designs 
made by that firm. In 1899, he went to the Pittsburgh Meter Com- 
pany, East Pittsburgh, Pa., and was in charge of design, special in- 
spection, and erections. He returned to St. Louis in 1902, as de- 
signer and experimental engineer for the Standard Adding Machine 
Company. He was superintendent of the Compressed Air & Vacuum 
Machinery Co., St. Louis, in 1910-1911, and then until 1918 was em- 
ployed by Otto Eick, a brewery engineer, designing and erecting 
bottling machinery. Subsequently he was connected with the Alvey 
Manufacturing Company, St. Louis, designing elevators and convey- 
ing machinery, and with the Wagner Electric Company, St. Louis, 
designing airplane motors for the United States government. 

From 1922 to 1928, Mr. Hinchman was in charge of the Mainte- 
nance Department of the Commonwealth Steel Company, Granite 
City, IIl., where he was responsible for all construction designs. From 
1928 to 1932, he was employed to handle all special design work for 
the W. W. Sly Manufacturing Co., Cleveland, Ohio, and in 1932, he 
returned to Otto Eick, Inc., as engineer in charge of all development 
and design, which position he held up to the time of his death. 

Mr. Hinchman became a member of the A.S.M.E. in 1919, and was 
also active in the Masonic order in Webster Groves and Cleveland. 
He married Elizabeth Scown in 1890 and they had one daughter, 
Laura, now Mrs. R. R. Johnson, of Dallas, Texas. 


CLARENCE FLOYD HIRSHFELD (1881-1939) 


Clarence Floyd Hirshfeld was born in San Francisco, Calif., on 
January 30, 1881, and received his elementary education in the pub- 
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lic schools of that city. It was his early ambition to be a mining engi- 
neer but he grew away from this and in 1898 entered the University 
of California to study electrical engineering. Graduating in 1902 with 
the degree of bachelor of science in electrical engineering, he entered 
Cornell University in 1903 as a graduate student in mechanical engi- 
neering and received the degree of M.E. in 1905. 

During his first year at Cornell, Dr. Hirshfeld became an instructor 
in experimental engineering and advanced in the following years to 
the positions of assistant professor and finally professor of mechanical 
engineering, teaching successively experimental engineering, heat 
power engineering, gas engine design, gas manufacture, and gas 
distribution. He remained a member of the faculty until 1914 and 
was author and co-author of several textbooks, including: 

Engineering Thermodynamics, 1913 

Farm Gas Engines (with T. C. Ulbricht), 1913 

Steam Power (with T. C. Ulbricht), 1913 

Elements of Heat Power Engineering (with W. N. Barnard), 1915 

Economic Operation of Steam-Turbo-Electric Stations (with 
C. L. Karr), 1918 

Elements of Heat Power Engineering (with W. N. Barnard and 
F. O. Ellenwood), Latest Edition, 1933. 

Early in his teaching career, Dr. Hirshfeld undertook a private 
consulting practice which grew to wide proportions and broad scope. 
In 1913 he was engaged by Alex Dow, president of The Detroit Edison 
Company, for consulting services in connection with that company’s 
power system. He became active in many phases of the company’s 
business, notably in the field of industrial electric heating, and in 1914 
resigned from Cornell to become chief of research for The Detroit 
Edison Company under an arrangement which provided for the con- 
tinuation of his private consulting work. 

In addition to his duties as research adviser to the management, 
Dr. Hirshfeld organized and headed the company’s Research De- 
partment, credited as being one of the first of its kind in an electricity 
supply company, and one now widely known in this country and 
abroad for its pioneering in many fields, the high quality of its work, 
and its many contributions to the art. As an essential part of the 
department, Dr. Hirshfeld organized and developed the company’s 
library, which is outstanding of its kind and which has served as a 
model for many other organizations. Continuing with the company 
until his death, Dr. Hirshfeld has left many marks of his work, his 
influence, and his inspiration. He had an active part in the design of 
power plants, the development of scientific purchasing methods, the 
institution of an inspection division, the development of standardiza- 
tion practices, the establishment of patent policies, and the general 
development of the research attitude throughout the organization. 

He was called into the service of the War Department late in 
1917, and was first commissioned as major in the U.S. Army Ord- 

nance Department and later as lieutenant-colonel. His previous 
engineering training made him immediately available for the task 
in hand, that of general supervision of the inspection of artillery and 
artillery ammunition purchased for the army. He forthwith devoted 
himself with characteristic energy to the effective administration of 
inspection forces quickly organized for the war effort and drawn 
largely from civilian life. Shortly after his entrance upon this work, 
the inspection section of this departmental division was decentralized 
by the establishment of district ordnance offices and it became Dr. 
Hirshfeld’s duty to act as liaison officer between the several districts 
and the headquarters in Washington. He served in this capacity with 
marked intelligence and undoubted distinction until he was honor- 
ably discharged in May of 1919. He returned then to his place in the 

Detroit Edison organization, from which he had been given tempo- 

rary leave, and resumed the activities interrupted by the war service. 

As in many other cases where men had similar experience in war 
materials procurement, Dr. Hirshfeld continued his interest in ord- 
nance work through membership in the Army Ordnance Association. 
During the last four years of his life he was assistant chief of the 
Detroit Ordnance District, his knowledge of the subject, based upon 
experience in time of actual war, making his counsel invaluable. 

In various associations of the electrical operating industry Dr. 
Hirshfeld was a prominent figure. He served as member, and more 
often as chairman, of many committees of the National Electric 
Light Association and in 1926 he was made chairman of the National 
Technical Section, one of the four major divisions of the organization. 
Likewise he was active on many comimittees of the Association of 
Edison Illuminating Companies, notably the Committee on Power 
Generation and the Committee on Electric Switching and Switch- 
gear, which he headed in 1928 at the time of its organization. He was 
representative for several years of the electric light and power group 
on the American Engineering Standards Committee and its successor, 
the American Standards Association, and he served as a member of 
the United States National Cemmittee of the International Electro- 
technieal Commission. 
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Under the auspices of the Association of Edison Illuminating 
Companies, a conference of electric utility executives and research 
men was held in 1933 to discuss the feasibility of a joint research or- 
ganization of electric operating companies. The result of the confer- 
ence was the formation of the Edison Research Coordinating Council, 
of which Dr. Hirshfeld was made vice-chairman and later chairman. 
He served also as chairman of the council’s research committee on 
metallurgical applications of electricity. When the council was later 
incorporated under the name, Utilities Coordinated Research, Inc., he 
was elected president. 

Although an active member of many technical and professional or- 
ganizations, Dr. Hirshfeld was most prominent in The American 
Society of Mechanical Engineers, of which he became a junior mem- 
ber in 1905, member in 1919, and Fellow in 1936; to which he con- 
tributed many outstanding technical papers; and of which he was 
an officer and member of the Council as a manager from 1929 to 
1932 and as vice-president from 1932 to 1934. 

His early work in the Society dealt largely with standardization, 
test codes, and special research projects. For many years he served 
as a member of the main Power Test Codes Committee, counseling 
it on the broad aspects of acceptance tests, and as chairman of the 
individual committee dealing with instruments and apparatus he 
rendered both the committee and the Society extremely valuable and 
efficient service. 

More recently he was actively concerned with the professional train- 
ing and development of the engineer. In 1928 he became a member 
of the Committee on the Economic Status of the Engineer, which 
sponsored the study on earnings of engineers for the year 1930 and 
later recommended the steps which led to the formation of the Engi- 
neers’ Council for Professional Development. Dr. Hirshfeld served 
as chairman of the preliminary organization committee of E.C.P.D. 
and for two years as first chairman of that body. He exerted a valu- 
able influence in its formative years by his clear concept of the ideals 
of the new organization and by the selection of men of vision and 
understanding to carry on its work. After his retirement as chair- 
man he remained an active member of the E.C.P.D. until his death. 

Dr. Hirshfeld’s full appreciation of the need for providing orderly 
access to technical literature led to his active support of The Engi- 
neering Index, on the Advisory Board of which he represented The 
American Society of Mechanical Engineers, and to his devoted service 
as a director when it became a separate undertaking as Engineering 
Index, Incorporated. 

Other organizations of which Dr. Hirshfeld was a member included 
the American Institute of Electrical Engineers, American Associa- 
tion for the Advancement of Science, American Chemical Society, 
American Institute of Mining and Metallurgical Engineers, American 
Society for Testing Materials, Econometric Society, The Newcomen 
Society, Sigma Xi, and the Princeton Engineering Society. 

An able lecturer and finished public speaker, Dr. Hirshfeld gave 
generously of his time in filling demands for his appearance on pro- 
grams of technical, professional, and industrial organizations. He 
addressed sales conferences, educators, purchasing agents, operating 
men, and executives with the same skill that made him a great teacher, 
for he possessed an outstanding ability to convey new and complex 
subject matter in such unique and interesting fashion that his listeners 
absorbed it without conscious effort. In 1932 he delivered the com- 
mencement address at Rensselaer Polytechnic Institute which at that 
time honored him with the degree of Doctor of Engineering; in 1935, 
under the auspices of Science Service, he gave a radio broadcast on 
the subject of Science in Transportation, and in 1936, the Brackett 
Lecture on Industrial Research at Princeton University. A prophet 
not without honor in his own country, he received the degree of 
Doctor of Engineering from the University of Detroit in June of 1938. 

Dr. Hirshfeld was well known in America and Europe as the author 
of scientific and engineering papers and articles. He wrote extensively 
on the many phases of electricity supply business and his writings on 
engineering education, professional training, and the place of the 
engineer in society won nation-wide comment and praise. In 1934 
his paper, ‘Engineers of the Next Generation,” won the American 
Institute of Electrical Engineers’ national prize for the best paper 
on public relations and education, and he was the recipient of the 
Worcester Reed Warner Medal at the Annual Meeting of The Ameri- 
can Society of Mechanical Engineers in December, 1937. He was 
also author of the paper, ‘Preparation and Combustion of Fuel,” 
read before the First World Power Conference in London, 1924, and 
“Research Relating to Power Development,” before the Second World 
Power Conference in Berlin. In 1926 his paper, ‘‘What Is the De- 
mand for Overload in the U.S.A.?” was presented before the Inter- 
national Electrotechnical Congress. He was author of the chapter, 
“The Spirit of Power,” in the composite book, ‘Toward Civilization,” 
edited by Dr. Charles A. Beard and published in 1930. 

Gaining recognition first as an educator, Dr. Hirshfeld later be- 
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came known as one of the world’s leading figures in the field of indus- 
trial research. Early in life he adopted what he termed ‘‘the research 
method of thought,’’ and his naturally inquisitive mind, his remark- 
able powers of observation, and an enviable memory, contributed to 
the ultimate development of that type of mental approach to a high 
degree of perfection. He applied it not only to consideration of phe- 
nomena in the physical world but to the behavior of human beings 
as well. He cautioned against living in the present without knowl- 
edge of the past and appreciation of the possibility of the future, 
and he taught the intelligent use of known and procurable facts in 
the solution of problems of all types, whether scientific, industrial, 
civic, economic, or social. 

One of his greatest achievements was the ability to assemble, 
rationalize, and coordinate facts and knowledge of all kinds into a 
single pattern which he referred to as ‘‘the whole scheme of things.” 
Even the obscure and apparently unimportant observations found 
their place in that pattern. To him, that which divides knowledge 
into different classes was merely a matter of terminology; in all he 
saw the same elements, the same forces, and the same behavior under 
comparable influences, so that he interpreted all experiences by a 
single set of laws. 

He often referred to research as merely a fact-finding process, but 
those who knew him realize it was his ability to interpret the sig- 
nificance of new and often apparently unimportant facts in terms of 
already existing knowledge that made him outstanding as a research 
engineer. He possessed a fertile imagination and the necessary cour- 
age to venture on new lines of thought even though they might lead 
along untraditional paths and run contrary to conventional belief 
and practice. It was probably this attitude of mind, together with his 
connections with many research undertakings, that led to his service 
on the Advisory Board of the Purdue Research Foundation; the 
National Board of Councillors of the United States Bureau of Mines; 
the Ohio State University Research Foundation; the National Re- 
search Council; and the American Institute of Physics’ Advisory 
Council on Applied Physics. 

In 1930 a committee of street railway executives, known as the 
Electric Railway Presidents’ Conference Committee, was organized 
to deal with an acute situation which had arisen in their industry. 
Increasing competition of the rubber-tired, automotive type of ve- 
hicle had reached such proportions that fear was expressed for the 
future existence of the electric street car, and the huge investment 
in street railway properties throughout the nation appeared seriously 
jeopardized. Despite certain advantages of the rail-type vehicle in 
mass transportation and despite miscellaneous efforts to modernize 
it, the street car lacked the public appeal offered by its competitors. 
Recognizing that the electric car had developed largely along tradi- 
tional lines by rule-of-thumb methods, whereas its competitors had 
grown out of the great mass of scientific research that forms the 
background of the automotive industry, the committee was aware 
that a street car capable of recapturing public favor must be more 
than simply the old mechanism in a new dress; it must be a new prod- 
uct of scientific effort under the most able direction available. The 
choice of Dr. Hirshfeld for the task stands as a great tribute and a 
fine expression of the confidence in this man who had had no experi- 
ence in the field of transportation and had not been identified with 
this branch of engineering. 

He was appointed chief engineer of the committee in the fall of 1930 
and immediately started an analysis of the problem. In this he con- 
ferred not only with street railway executives, engineers, and opera- 
tors, but in characteristic fashion with factory hands, office workers, 
and housewives who made use of public means of transportation. 
He diagnosed the shortcomings and found the need for many im- 
provements, but there was available little information as to the 
specifications to be met, or the inherent possibilities and limitations 
of a rail vehicle. 

Accordingly Dr. Hirshfeld set up a program of research and ex- 
perimentation, established a laboratory, and employed a group of 
engineers and technicians to work under his direction in a funda- 
mental study of the whole problem of street car design and perform- 
ance. After four years of intensive activity, an initial car was pro- 
duced containing many revolutionary developments in truck design, 
wheel construction, control equipment, lighting, ventilation, and 
body. Steel springs had given way to rubber springs, the wheels con- 
tained rubber disks insulating the steel rim from the rest of the strue- 
ture, and other novel features had been successfully developed and 
applied. A rail vehicle had been created which could equal or outper- 
form the modern automobile in accelerating or braking rates. The 
smoothness of ride by actual test excelled that of any other street 
vehicle, and the noise level had been reduced to a point where the 
“sing’’ of the trolley wire became the distinguishing evidence of the 
car’s approach. A new type of welded body with modern lines and 
appearance, heated, lighted, and ventilated by improved methods, 
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constituted the new dress in which this revolutionary street car made 
its appearance. 

Exhibited at the Cleveland Convention of the American Transit 
Association in September, 1934, the new car met with enthusiastic 
approval of the street railway industry. It was called the Presidents’ 
Conference Committee Street Car and is now commonly known as 
the P.C.C. car. When commercial production was undertaken, the 
committee’s interests were transferred to the newly incorporated 
Transit Research Corporation. Dr. Hirshfeld continued as chief 
engineer of the new organization until the time of his death. 

That the P.C.C. car has met with public favor is evidenced by the 
fact that at the end of 1939 there were approximately 1130 cars of 
this type in operation or under construction for thirteen cities in the 
United States and Canada. 

Teacher, scientist, engineer, lecturer, and always a scholar; it would 
seem that such achievements and accomplishments must have com- 
pletely filled a comparatively brief life span of 58 years. Yet, Dr. 
Hirshfeld took time to listen to those who brought their individual 
problems to him; to encourage them in the development of worth- 
while ideas; and to divert their misdirected efforts to more logical 
ends. His instant recognition of the best in those with whom he came 
in contact, his deep understanding and broad tolerance of humanity's 
shortcomings, and his desire, without a trace of the overzeal of the re- 
former, to make the world a better place for his having lived in it, 
won respect, admiration, and genuine affection from his great circle 
of friends. 

His casual observation and his more considered advice were sought 
by his neighbors and friends who valued the honesty and integrity 
of his opinion, while those privileged to know him more intimately 
not only appreciated his good humor and innate modesty but found 
in him the love, devotion, sincerity, and hospitality which added so 
much to the realization of an unusually happy home life. 

In addition to the recognition which was his, living, it is fitting that 
this final honor, the award of the John Fritz Medal, should have 
come to him. There could be no finer memorial than the words of 
the citation, ‘‘for notable leadership through research and develop- 
ment in power generation and electric traction and for being a great 
teacher and friend of man, young and old.” 

Dr. Hirshfeld’s death occurred on April 19, 1939, at the Grace 
Hospital in Detroit, after an illness of several months. Surviving 
him are his widow, the former Elizabeth Bishop Winslow, of Ithaca, 
N.Y., and two sons, John W. and James F. Hirshfeld.—[Biography, 
slightly expanded, prepared by F. DouGLas CAMPBELL, personal as- 
sistant to Dr. Hirshfeld at The Detroit Edison Company, for the 
John Fritz Medal Board of Award. ] 


JAMES DAVID HOFFMAN (1868-1938) 


James David Hoffman, affectionately known as “Jimmie’’ by his 
many friends, a member of the engineering staff of Purdue University 
from 1890 to 1911 and from 1917 to 1938, died at midnight on Satur- 
day, August 13, 1938, at his home in West Lafayette, Ind. He was 
born in Auburn, Ind., on January 23, 1868, son of Daniel Zinn and 
Rachael C. (Goetschius) Hoffman. He is survived by his widow, 
Zoelah M. (Burroughs) Hoffman, whom he married in 1913, and by 
one son, James David Hoffman. His first wife, Kate B. (Peterson) 
Hoffman, whom he married in 1890, died in 1902. 

Professor Hoffman served as apprentice machinist with the Auburn 
Foundry and Machine Works between the time he was graduated 
from the Auburn High School in 1883 and his entrance to Purdue 
University in 1886. He was graduated from Purdue University with 
the degree of B.M.E. in 1890, and the degree of M.E. was conferred 
upon him in 1893. During the summer of 1890 he was draftsman and 
designer for the Buckeye Engine Company at Salem, Ohio, but was 
recalled the same fall to Purdue University to the post of assistant 
in practical mechanics, working under the direction of the late Dean 
W. F. M. Goss. He was promoted to the rank of instructor in 1891 
and to assistant professor in the same department in 1901. In 1902 
he was appointed assistant professor of machine design at Purdue 
University and was promoted to associate professor in 1903 and to 
professor in 1908. His connection with Purdue University was in- 
terrupted from 1911 to 1917, when he held the position of professor 
of mechanical engineering and practical mechanics at the University 
of Nebraska. He was recalled to Purdue University in 1917 to the 
position of professor and head of the department of practical mechan- 
ies, as successor to Michael Joseph Golden. Since 1929 he had also 
been in charge of the curriculum of industrial education. Professor 
Hoffman was retired from active service at Purdue University with 
the rank of professor-emeritus, effegtive September 1, 1938. 

He was author or co-author of a number of books on engine and 
boiler design, machine design, and heating and ventilating; also of 
five pamphlets on house construction and heating of homes. His 
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contributions to the technical press included numerous articles and 
papers, published in technical magazines and in the transactions of 
engineering societies. 

In addition to the courses which he taught at Purdue University and 
at the University of Nebraska, Professor Hoffman delivered frequent 
nontechnical lectures and radio talks on residence construction, heat- 
ing and ventilating, and shop practice. 

His society affiliations included the following: The American So- 
ciety of Mechanical Engineers (junior 1894, member 1903), American 
Society of Heating and Ventilating Engineers (life member and past- 
president), National District Heating Association (honorary member), 
National Warm Air Heating and Air Conditioning Association (hon- 
orary member), Warm Air Furnace Code Committee (first and only 
chairman from its organization in 1921 until his death), Society for 
the Promotion of Engineering Education (life member), Executive 
Committee, Central Indiana Section, A.S.M.E., Indiana Engineer- 
ing Society, Advisory Committee for the Indiana Federal Housing 
Administration, Tau Beta Pi, Sigma Xi, Sigma Tau, Kappa Delta 
Rho, Rotary International (past-president, Lafayette Rotary Club). 
He was also an active member of the Presbyterian Church at Lafay- 
ette, Ind., and at Lincoln, Neb., having served on all of its official 
boards. He was a public-spirited citizen and as such devoted him- 
self unselfishly to his community and state. 

An editorial appearing in the Lafayette Journal Courter of August 
14, 1938, reviewed his life and work in the following manner: 

“With the passing of Professor James D. Hoffman, another of the 
sturdy, mature dependables who helped make Old Purdue a power in 
education, disappears from’the campus he graced for so long. Pro- 
fessor Hoffman had been retired at seventy but he was to continue 
to have an office on campus, and had been awarded emeritus honors. 

‘Activity, hard work and constant association with youth had kept 
Professor Hoffman young in heart and spirit. He was a jolly com- 
panion, a good and cheery neighbor, a splendid citizen, a successful 
and greatly beloved teacher. Perhaps he was best described as ‘a 
Christian gentleman.’ 

‘His practical helpfulness in his relations with the young, over and 
above the functions of a teacher, have been attested many times. 
He knew how to be helpful when help was really needed, and there 
was no ostentation in his well-doing. His influence on behalf of clean 
living and integrity was far beyond that of a mere professor. His 
simplicity and sincerity, his friendliness and unassuming guidance by 
example rather than preachment, made him a real power in college, 
community, club and church, among young and old alike. ‘Jimmie’ 
Hoffman leaves a vacancy in the ranks of sound civic life and better 
education which it will be hard to fill.""— [Memorial prepared by L. V. 
Lupy, Lafayette, Ind., Mem. A.S.M.E.] 


JOHN A. HUNTER (1868-1939) 


John A. Hunter entered this world at Stormstown, Pa., on May 15, 
1868, son of John A. and Elizabeth (Elder) Hunter. By way of con- 
trast, the word ‘‘storm” had no place in the tranquil life which he was 
destined to live. His bland sense of humor, his ability to appreciate 
the other fellow’s point of view, and the basic spirit of fair play which 
dominated his life, left him unusually free of enemies and from the 
normal strife of life. He did not avoid making adverse criticisms, 
but such criticisms were usually accompanied by helpful suggestions 
and with a crack of humor which defied resentment. He seemed to 
anticipate friction between human beings and his efforts to maintain 
peace and goodwill were successful to an amazing degree. 

After graduating from Pennsylvania State College in 1890 with 
the degree of B.S. in mechanical engineering he spent three years 
teaching manual arts in Georgia. He then took graduate work at 
Cornell University and Pennsylvania State College, where he gained 
an M.E. degree in 1896. He was an instructor and assistant professor 
of mechanical engineering there from 1894 to 1904 and then went to 
the University of Colorado as an assistant professor. Two years 
later he was made a full professor and placed at the head of the de- 
partment of mechanical and chemical engineering, a position he con- 
tinued to hold until reaching the retirement age. 

Professor Hunter’s humor and friendly smile were appreciated as 
fully by the women students in the university as by the men. One 
day Professor Hunter entered a dining room during a rather furious 
‘“‘boarding house’’ debate when one of the girls flew to his side in an 
appeal for support and called him ‘‘Uncle John.”’ This girl is now the 
wife of Alvin Forbess, chief engineer for the Amalgamated Sugar 
Company of Utah. There was a significance to this little episode 
which became a characteristic part of the remaining twenty-five 
years of Professor Hunter's life. Not only did he become “Uncle 
John” from then on to every acquaintance from the governor of the 
state down to the boy in the streets, but through the use of that 
simple and affectionate salutation, ‘‘Uncle John,” all barriers were 
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down and future hundreds were destined to do as Mrs. Forbess had 
done—fly to his side for advice, comfort, and protection. 

John Hunter had a keen political mind and this ability was soon 
recognized by the president of the university. For many years the 
president sought his advice on political affairs affecting the university. 
Professor Hunter also persuaded many of the best regents ever to serve 
on the board that it was their duty to make the necessary sacrifice 
and seek election to this non-salaried position. Professor Hunter 
also contributed his own efforts to the cause of public government 
and civie interests. He was a member of Boulder City Council 
from 1912 to 1916. He served the Chamber of Commerce as presi- 
dent during 1923, 1924, and 1925. He was president of the Boulder 
Club over a long period of years. He headed many campaigns, such 
as community chest, etc., and he was rightfully considered one of the 
leading citizens of Boulder. 

From 1896 until 1918 Professor Hunter spent his vacations in the 
employ of such firms as Westinghouse Machine Company, Pitts- 
burgh Locomotive Works, Baldwin Locomotive Works, and the 
Pennsylvania Railroad, and his practical knowledge was one of his 
greatest assets. 

He searched continuously for employment opportunities for his 
graduated students and many outstanding engineers today are 
grateful to “Uncle John” for his assistance in getting a good start. 
The Colorado Engineer, published by the student engineering body, 
nominated him for the ‘“‘Hall of Fame.” In May, 1936, the engi- 
neering faculty held a banquet in his honor and used the occasion to 
present him with a gold watch. When he retired he was presented 
with a bronze plaque on which was cast the actual signature of every 
member of the faculty of the university from the president to the 
youngest instructor. 

For a period of twenty years he served as weather observer for the 
City of Boulder, but probably the extra-curricular activity which 
gave him the greatest pleasure was his position as a deputy state oil 
inspector. During this period every dollar he received from the oil 
inspector's salary was used to help needy and worthy boys through 
college by employing them to do extra testing work in the oil labora- 
tory. 

Professor Hunter was a member of the Colorado State Board of 
Examiners for Engineers and Surveyors from 1921 until his death. 
He rewrote the first Colorado registration law and personally steered 
the revised law through the Colorado legislature. Because of the 
intense study which he gave to this work, this new Colorado law is 
almost a verbatim duplicate of the present ‘‘Model Registration 
Law” of the American Society of Civil Engineers, although it ap- 
peared several years in advance of the ‘‘Model Law.” 

Professor Hunter helped develop and helped finance the first me- 
chanically operated vertical automobile storage elevator. The rights 
to this elevator were purchased by Westinghouse and one operates 
today in the heart of downtown Chicago. He was also interested in 
the development of a road “‘file’’ and a rotary type engine. 

In 1919 romance entered the life of ‘Uncle John’’ when he married 
a member of the faculty, Miss Alice Downing. His marital happiness 
ran strong but ended abruptly when his bride was suddenly stricken 
and died in January, 1920. The grief attending this tragedy caused 
“Uncle John" to be absent from the only Colorado Section meeting 
he missed from the time he personally organized the Section in 1918 
until his own health failed nineteen years later. 

Professor Hunter became a member of A.S.M.E. in 1914 and he 
was one of the first chairmen of the Colorado Section. From 1932 
through 1935, Professor Hunter served the Society as manager and 
during the next two years he was a vice-president. He was elected 
to the Fellow grade in 1936. From the time he joined the Society 
until his death he served its interests with an ardor analogous to re- 
ligious zeal. 

Following the death of his wife, a sister, Miss Anna Hunter, pre- 
sided over his home. The courteous and thoughtful consideration 
with which he unfailingly treated this sister prompted many appre- 
ciative comments. At his death, which occurred on December 17, 
1939, Anna Hunter went to live with the other remaining sister, Mrs. 
A. Woodward Smith of Blairsville, Pa. 

Professor Hunter was an active Mason, and a member of Acacia, 
Tau Beta Pi, and Alpha Chi Sigma. From 1905 until his retirement 
he was a member of the Society for the Promotion of Engineering 
Education. 

His physical stamina astounded physicians when he recovered 
from a condition where he seemed completely paralyzed, with death 
but a matter of hours. His recovery was so s -fficient that he again 
attended A.S.M.E. meetings, but within the year he succumbed to a 
combination of uremic poisoning and heart trouble. 

On December 19, 1939, he was laid to rest beside his bride of a few 
months, in Fairmont Cemetery in Denver.—[Memorial prepared 
by Frank H. Prouty, Denver, Colo., Mem. A.S.M.E.] 


MELVILLE WILLIAM KANTROW (1880-1937) 


Melville William Kantrow, mechanical engineer in charge of in- 
spection for the American Safety Razor Corporation, Brooklyn, N.Y., 
died on October 15, 1937. 

Mr. Kantrow, who simplified his name from Kantrovitz in 1923, 
was born in Virginia City, Nev., on December 8, 1880, the son of 
Charles Marks and Henrietta (Mayer) Kantrovitz. His early edu- 
cation was obtained in public schools in New York, N.Y., and at 
Cooper Union in that city, from whose Art Department he was 
graduated in 1898. 

Following his graduation, Mr. Kantrow worked at various jobs 
such as assistant draftsman in both mechanical and architectural 
drafting rooms, and mechanic’s helper in machine shops. Then, from 
1903 to 1908, he was with the Yale & Towne Manufacturing Co., in 
Stamford, Conn., first as apprentice and later as assistant in their 
toolroom, in charge of die work in connection with Keller automatic 
die sinking machines. From 1909 to 1915, he was employed by 
Joseph Mayer & Bros., Seattle, Wash., in charge of the manufacture 
and installation of tower and street clocks and electric time-clock 
systems. From 1915 to 1919, he worked for the Remington Arms & 
Ammunition Co., Bridgeport, Conn., first as a foreman in the die 
room, later being made general foreman in charge of the sub-assembly 
of the Browning machine gun. He also installed and put into opera- 
tion a battery of Keller automatic die-cutting machines, and served as 
assistant in the Drop Forge Department. He designed many jigs, 
fixtures, and machines to speed up production during the World War. 

In 1919, Mr. Kantrow went with the Keller Mechanical Engraving 
Company, Brooklyn, N.Y., as superintendent of their Automatic 
Die-Sinking Machine Department, and also directed the setting up 
and putting into production of these machines for purchasers. 

Mr. Kantrow had been employed by the American Safety Razor 
Corporation since 1926. At first he was engaged in checking produc- 
tion control in the Frame Department. Later he organized an in- 
spection system for the entire plant, also organized and started pro- 
duction in their Double-Edged Blade Department, was in charge of 
the Pile Wire and Plating Departments, and acted as general ‘‘trouble- 
shooter” in locating and eliminating ‘‘choke points’’ throughout 
the entire plant. 

In 1921, Mr. Kantrow joined the A.S.M.E. as an associate-member 
and he was automatically transferred to the member grade in 1935. 
He married Rose Klipper, of New York, in 1928, and is survived by 
her and by a son, Harry E., of New York, and twins, Lillian and 
Leon, of Seattle, Wash., as well as by his mother. 


MOSES BATES KAVEN (1864-1937) 


Moses Bates Kaven, vice-president and consulting engineer of the 
United Shoe Machinery Corporation, Boston, Mass., died on July 
1, 1937. 

Mr. Kaven was born on September 28, 1864, at Plymouth, Mass., 
the son of James M. and Harriet (Barnfield) Kaven. His early educa- 
tion was obtained in the public schools of East Bridgewater; his pro- 
fessional schooling at the Worcester Polytechnic Institute, Worcester, 
Mass., from which he was graduated in 1885 with the degree of B.S. in 
mechanical engineering. He was awarded the D. Eng. degree by his 
alma mater in 1928. 

In February, 1886, Mr. Kaven was employed at the Atlantic Works, 
East Boston, as draftsman on marine engines. In November of that 
same year, he transferred to the Simonds Rolling Machine Company, 
Fitchburg, Mass., where he was engaged in drafting work for dies and 
special machinery for rolled forgings. In October, 1887, he was sent 
to England and was there employed as works manager of the Simonds 
Steel & Iron Forging Co., Ltd., of London and Birmingham, until 
June of 1890. 

Mr. Kaven returned to this country in 1890, and became assistant 
mechanical engineer on marine engines and general machinery with 
the Lockwood Manufacturing Company, East Boston, Mass. He 
left there in 1892, and until 1898 acted as assistant to the manager 
of the Portland Company, Portland, Maine, building marine engines 
and general machinery and boilers. 

In 1898, Mr. Kaven became associated with predecessors of the 
United Shoe Machinery Corporation, serving successively as super- 
intendent, general superintendent, vice-president in charge of manu- 
facturing, and vice-president and consulting engineer; also as director 
in sixteen affiliated and subsidiary companies. Mr. Kaven con- 
tinued in this work until his death. 

He became a member of the A.S.M.E. in 1891. He was also a 
member of the University Club and the Engineers Club, both of Bos- 
ton; of the Worcester Club of Worcester, Mass., in which city he had 
resided since 1925; and of the Tedesco Country Club, of Swampscott, 
Mass. He was a trustee of the Worcester Polytechnic Institute. He 
was a Republican in politics and a Unitarian in religion. 
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In 1890, Mr. Kaven married Helen M. Kidder, of West Boylston, 
Mass., who died on November 30, 1935. 


ROBERT RUSSELL KEITH (1879-1937) 


Robert Russell Keith, works manager of the Tractor Works of the 
J. I. Case Co., Racine, Wis., died suddenly on June 12, 1937, while 
attending the 35th reunion of his class at Iowa State College. 

Mr. Keith was born on February 13, 1879, at West Liberty, Iowa, 
the son of Albert F. and Rachel E. Keith. He obtained his prepara- 
tory education in the public high school of West Des Moines, Iowa, 
where he was later instructor in manual training for a year, and his 
professional education at the Iowa State College, where he was gradu- 
ated with a bachelor degree in mechanical engineering in 1902. He 
then worked as an apprentice machinist in the roundhouse of the 
Chicago Great Western R.R. Co., South Des Moines, from July to 
October, 1902. This was followed by service as draftsman in Des 
Moines with the Eagle Iron Works; one year in the foundry of the 
Keith Furnace Company, West Liberty; and two years, 1903-1905, 
with the Louisiana Purchase Exposition at St. Louis. He had charge 
of the foundation work for all power units for the exposition, some 
22,000 hp; was assistant to the superintendent of maintenance and 
operation; and then directed dismantling and shipping. 

Next, Mr. Keith spent five years with the Sight Feed Oil Pump 
Company, Milwaukee, whose name was later changed to Richardson- 
Phoenix Company. He acted as shop superintendent and designed 
the entire line of product. This was followed by six months as assist- 
ant superintendent at the A. O. Smith Co., Milwaukee, and eighteen 
months as general manager, Sterling Machine Company, Norwich, 
Conn. 

From 1912 to 1917, Mr. Keith served as superintendent of the Shef- 
field Car Company, Three Rivers, Mich., a plant of Fairbanks, 
Morse & Co.; 1917 to 1919, plant manager of the Holt Caterpillar 
Company, Peoria, Ill.; 1919 to 1928, as superintendent of the Tractor 
Works of the Moline Plow Company, Rock Island, IIl., for a short 
period, and then with International Harvester Company, first as 
superintendent of Tractor Works at Chicago, and later chief engi- 
neer of the Motor Trucks and Bus Division for that company. He 
took out several automotive patents which he assigned to the com- 
pany. In January, 1928, he became works manager of the Tractor 
Works for J. I. Case Co., Racine, Wis., where he was employed at the 
time of his death. 

Mr. Keith joined the A.S.M.E. as a junior in 1904, was promoted to 
associate in 1911, and to member in 1914. He was also a member of 
the Society of Automotive Engineers, and at the time of his death 
was vice-president of that society, representing the Production Engi- 
neering Activity. He had also served on the society’s National 
Meetings Committee and the Production, Truck, and Engine Divi- 
sions of the Standards Committee. 

Mr. Keith married Helen Marks, of Davenport, Iowa, in 1920 and 
is survived by her and by four children: Dorothy, Herbert, Gordon, 
and Mary. 


JOHN ALFRED ALEXANDER LINDSTROM (1866-1937) 


John A. A. Lindstrom, research engineer, National Lead Company, 
Brooklyn, N.Y., died at the Post Graduate Hospital, New York, N.Y., 
on September 28, 1937, of uremic poisoning. 

Mr. Lindstrom was born on August 20, 1866, in Abo, Finland, the 
son of Alfred Emanuel and Sophia Gustava (Lindquist) Lindstrom. 
He obtained both his elementary and professional education in Fin- 
land, where he was graduated from the Institute of Technology of 
Abo in 1884. His first professional employment was as assistant 
engineer in the office of the city engineer and architect of Abo, from 
1884 to 1893. He then emigrated to the United States, and was 
employed from 1895 to 1899 on the design and construction of new 
works for Howard & Bullough, American Machine Company, Paw- 
tucket, R.I. In 1903-1904, he worked on the design of the Kings- 
bridge Power Station, New York, N.Y., and then was employed until 
1906 by the Atlas Portland Cement Company at Northampton, Pa., 
on the design and construction of their plants Nos. 4, 5, 6, and 7. 
In 1908-1909, he was superintendent of erection and inspector under 
W. T. Donnelly, chief engineer, for an 8000-ton floating drydock, 
Erie Basin, Brooklyn. 

From 1909 until his resignation in 1929 Mr. Lindstrom was em- 
ployed by the General Chemical Company, New York, as engineer, 
estimator, and designer of chemical plants. These were situated in 
Bay Point, Calif.; Calumet and East St. Louis, Ill.; Newell, Pa.; 
Pulaski, Va.; Marcus Hook, Pa.; and elsewhere. This work in- 
cluded also wharves and tramways for the Marcus Hook and the 
Hudson River plants. 

In 1934-1936, he was chief engineer, U.S.A., at Fort Hamilton; 
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and in 1937, began his service with the National Lead Company, 
Brooklyn, and was there employed up to his death. 

Mr. Lindstrom joined the A.S.M.E. as a member in 1911. He was 
also for thirty years a member of the Bergen Beach Yacht Club. He 
became a naturalized citizen of the United States in 1900, and sup- 
plemented his early education in Finland by taking correspondence 
courses in this country. 

He is survived by his widow, Fanny (Spencer) Lindstrom, whom 
he married in 1920. 


ALAN NELSON LUKENS (1867-1937) 


Alan Nelson Lukens, chief engineer for the Railway Steel-Spring 
Division of the American Locomotive Company, New York, N.Y., 
died at his home in Elizabeth, N.J., on October 20, 1937. 

Mr. Lukens was born on March 29, 1867, at McKeesport, Pa. He 
prepared for college at the Pingry School, and then entered the 
Stevens Institute of Technology, Hoboken, N.J., where he was a 
student in mechanical engineering for two years. He left in 1886 to 
work with Cyrus Currier and Sons, Newark, N.J., as a special ap- 
prentice. After two years of this training, he was employed as 
superintendent by the Conshohocken (Pa.) Tube Company, in charge 
of their wrought iron pipe mill. 

In 1892, Mr. Lukens left this company and took a position as 
designing engineer for the Artificial Gas Producer Company, Pitts- 
burgh, Pa. He remained there until 1896, when he was engaged as 
superintendent by the Charles Scott Spring Company, Philadelphia, 
Pa. Here he had entire charge of the factory, and supervised the 
erection of new buildings and the reinstallation of all machinery 
after a destructive fire. In 1902 this company became one of the 
properties of the newly incorporated Railway Steel Spring Company, 
and Mr. Lukens was given entire charge of all engineering of five 
plants, later reduced to three and greatly enlarged. He was respon- 
sible for much research and development work on modern steel 
springs, and numerous inventions and patents on springs, mis- 
cellaneous car parts, and special machinery used in their manufac- 
ture. After the company became the Railway Steel-Spring Division 
of the American Locomotive Company in 1926 Mr. Lukens con- 
tinued active in its affairs up to the time of the short illness which 
ended his life. 

Mr. Lukens became a member of the A.S.M.E. in 1931, and was 
greatly interested in its work. He was a member of the Special Re- 
search Committee on Mechanical Springs from its organization in 
1924 up to his death. He also served on the Subcommittees of Heavy 
Helical Springs and Elliptical Springs. He was a member of the 
American Society for Testing Materials, and served as Clerk of Ses- 
sions for the Westminster Presbyterian Church of Elizabeth. 

Surviving are two brothers, the Rev. Victor H. Lukens, rector 
emeritus of the First Presbyterian and Trinity Church of South 
Orange, and the Rev. Frank Lukens, rector of the Burlington, N.J., 
Presbyterian Church; and two daughters, Mrs. Samuel R. MacPhee, 
of Williamsburg, Pa., and Miss Dorothy Lukens, of Elizabeth. 


WILLIS McKEE (1873-1937) 


Willis McKee, consulting engineer and contractor, of Cleveland, 
Ohio, died of pneumonia on December 4, 1937. Mr. McKee was 
born at State College, Pa., on June 24, 1873, the son of Professor 
James Y. McKee, then vice-president of The Pennsylvania State 
College, and Margaret G. McKee. 

Mr. McKee spent his entire childhood on the campus of The Penn- 
sylvania State College, and obtained his preliminary education in the 
A and B preparatory departments there. In i888 he entered the 
college in the course in civil engineering, and was graduated with 
honors with a B.S. degree in 1892. In 1902, he received the degree of 
M.E. from the college. He was appointed vice-president of the 
Alumni Association of the college in 1935 and continued in that office 
until his death. He was also a member of several committees of the 
association. 

After his graduation in 1892, he entered the employ of the Union 
Switch & Signal Co. and was engaged in erecting block signals along 
the lines of the N.Y. Central & Hudson River R.R. From 1895 to 
1897, he taught in the high school at Mt. Carmel, Pa., and in 1897, 
he went to work with the Carnegie Steel Company, at Duquesne, 
Pa., as draftsman. He transferred to the Engineering Department 
of the National Steel Company, Youngstown, Ohio, in 1899, and after 
a few months was put in charge of the engineering of their Mill De- 
partment. In the early part of 1901, when the National Steel Com- 
pany became the Ohio Works of the Carnegie Steel Company, he was 
made chief engineer there. He resigned this position to take the same 
title with the Republic Iron & Steel Co., in 1902, and in 1904 left that 
company to become general superintendent of the Elyria Iron & Steel 
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Co. He remained with this company and its successor, Steel & 
Tubes, Inc., for about thirteen years, serving as treasurer during the 
last year. 

In 1918 Mr. McKee joined the organization of Arthur G. McKee 
& Co., which had previously been established by his brother, Arthur 
G. McKee. For several years he served this company as general 
superintendent of construction and later as manager of the Mill 
Department. In 1923 he opened offices as a consulting engineer in 
Cleveland and was engaged in this business and in marketing rolling 
mill equipment, on which he had about twenty patents, until the time 
of his death. 

In 1900, Mr. McKee married Sara Pascoe of Carnegie, Pa., and 
they had two daughters, Margaret R. (McKee) McFarlane, and 
Helen P. (McKee) Hunzicker, who survive him. He is also survived 
by two brothers, George C., of Greenville, Mich., and Arthur G., and 
one sister, Mary (Mrs. H. E. Stitt), both of Cleveland. 

Mr. McKee became a member of the A.S.M.E. in 1920. He was 
also a member of the Cleveland Engineering Society. In the A.S.M.E., 
he served on the Executive Committee of the Iron and Steel Division 
as associate in 1933 and 1934, and as member from then until his 
death. 


ALBERT CLEMENT MIDDLETON (1870-1939) 


Albert Clement Middleton, son of Frank Barclay and Sally (Albert- 
son) Middleton, was born in Camden, N.J., on November 4, 1870. 
After attending Friends, a private school in Camden, he entered the 
Friends’ Central High School, Philadelphia, Pa. When he had com- 
pleted his studies there, he served an apprenticeship under his uncle, 
Howard W. Middleton, of the firm of C. W. and H. W. Middleton, 
of Philadelphia, learning the iron and steel trade, and continued in 
that work until his uncle’s death, in 1893, terminated the business. 

During the next two years Mr. Middleton engaged in the iron and 
steel business with H. McCalla, of Philadelphia, with whom his 
brother, E. M. Middleton, and Walter Ivins were also associated, 
and from 1895 to 1897 he was connected with the Cole Machine 
Company, Camden, manufacturers of engines for steam launches and 
small boats. 

In 1897 Mr. Middleton joined Eldridge R. Johnson, Camden, who 
had a machine shop there and contracted for the making of all motors 
for the Berliner Gramophone Company, of Philadelphia. Mr. 
Middleton served as secretary of the business until 1901, when it was 
incorporated as the Victor Talking Machine Company, and from 
then until he retired in 1913 he was this company’s secretary and as- 
sistant treasurer. 

Mr. Middleton took an active part in civie and political affairs in 
the State of New Jersey. He was elected treasurer of the state on 
January 31, 1928, and served until April 1, 1934. He had been chair- 
man of the South Jersey Port Commission since its organization in 
April, 1926. This commission constructed port facilities at Camden, 
where it operates the Camden Marine Terminals, and has aided 
greatly in developing transportation to serve the industrial and com- 
mercial interests of South Jersey. 

Mr. Middleton had also served as a director of the West Jersey & 
Seashore R.R. Co., and of the First Camden National Bank & Trust 
Co., the Camden Safe Deposit & Trust Co., and the Camden Fire In- 
surance Association. He became an associate of the A.S.M.E. in 
1911, and was a member of The Franklin Institute, the Camden 
County Historical Society, and several clubs in New York and Phila- 
delphia. Gunning, yachting, and fishing were his chief recreations. 

Mr. Middleton's death occurred on March 4, 1939. He is survived 
by Mrs. Middleton, the former Rena E. Lord, of Haddonfield, N.J., 
whom he married in 1898, and by a daughter, Rena. 


ALBERT ELIPHALET MITCHELL (1855-1937) 


Albert Eliphalet Mitchell, president and treasurer of the Wyckoff 
Pipe & Creosoting Co., Inc., New York, N.Y., died on December 26, 
1937. He was born in Madison, Maine, on February 3, 1855, son of 
Thomas Gilmore and Laura Ann (Packard) Mitchell. 

Mr. Mitchell’s preliminary education was obtained in the common 
schools, and he later attended the University of Maine, which in his 
student days was known as the Maine State College of Agriculture 
and the Mechanic Arts. He was graduated as a mechanical engineer 
in 1875, of which class he is believed to have been the last surviving 
member. 

Mr. Mitchell served as apprentice machinist with the Baldwin 
Locomotive Works in 1876-1877 and then erte:ed the employ of the 
Pennsylvania Railroad at Altoona, Pa., where he worked successively 
in the machine shop, the Test Department, and the Signal Depart- 
ment. He then spent a year, 1881-1882, in the Yale & Towne Manu- 
facturing Co., Stamford, Conn., as a designer of hoisting machinery, 


followed by two years as chief draftsman with the old New York & 
New England R.R., now a part of the New York, New Haven & 
Hartford R.R. He next spent about two years in Cleveland, Ohio, 
where he was employed as mechanical engineer and plant superin- 
tendent by the French Furnace Company and the Arctic Ice Machine 
Manufacturing Company. In 1886 and 1887, he was employed by 
the New York, Lake Erie & Western R.R. Co. (now the Erie Rail- 
road) on special work in the Motive Power Department; from 
1887 to 1889, he was engineer of signals; in 1889 and 1890, engineer 
of tests; from 1890 to 1892, mechanical engineer; and from 1890 to 
1902, superintendent of motive power. 

In 1901-1902, he was assistant superintendent of motive power for 
the Chicago, Milwaukee & St. Paul R.R., and in 1902-1904, super- 
intendent of motive power for the Northern Pacific Railroad. In 
1904-1906, he held a similar position with the Lehigh Valley Rail- 
road, and in 1906-1908, was employed by the N.Y., N.H. & H. 
Railroad, on appraisal of rolling stock and as manager of purchases 
and supplies, fuel agent, etc. In 1908, Mr. Mitchell became vice- 
president of the Wyckoff Pipe & Creosoting Co., later becoming its 
president and treasurer, and continuing in this position to the time 
of his death. He held several patents, chiefly in the railway field. 

Mr. Mitchell became a member of the A.S.M.E. in 1891. He was 
also a member of the N.Y. Railroad Club and served as its president 
from 1896 to 1898. He belonged to the Cleveland Engineering So- 
ciety, the Mayflower Society, and the Phi Gamma Delta fraternity. 

He was twice married. His first wife was Nellie Vernon Knapp, 
whom he married in Stamford, Conn., in 1884; his second wife was 
Mrs. Eliza Anna Wyckoff, nee Corel, whom he married in 1908, 
and who died in 1933. He had one daughter, Hazel Vernon, who 
also predeceased him. 

Mr. Mitchell was a member of the Jury of Awards of the Paris, 
France, Exposition of 1892. He was for many years a member of 
both the Master Car Builders’ and the Master Mechanics’ Associa- 
tions, and during that time, wrote various reports for these associa- 
tions. 


GEORGE LUTON MORTON (1858-1937) 


George Luton Morton, former primary examiner in the U.S. Patent 
Office, who retired on June 30, 1932, after forty-six years of service in 
the Patent Office, died on May 13, 1937, in Washington, D.C., of 
pneumonia. He was born on August 19, 1858, at Parkman, Ohio, 
the son of Perry and Laura (Chapman) Morton. 

Mr. Morton took a six-years’ course in mechanical engineering in 
the Ohio State University, graduating in 1884, during which time he 
worked at intervals in various shop processes outside the university. 
He later took a three-years’ course in law at the National Law School, 
Washington, D.C., and was admitted to the bar in the spring of 
1889. He was also admitted to practice before the Supreme Court of 
the United States. 

After his graduation in 1884, he was variously engaged: for one 
year as teacher of mechanical drawing in the School of Design, Cleve- 
land, Ohio; as draftsman for Professor Robinson at Columbus, Ohio; 
and as a student of patent law in the office of Ex-Commissioner 
Gen. M. D. Leggett at Cleveland; also on the mathematical work 
connected with an article, “Cushioning in Engines,’’ published in 
Van Nostrand’s Engineering Magazine, June, 1885. Following these 
activities, Mr. Morton worked for nine months as machinist and 
draftsman for the Cleveland Rubber Company, and then went into 
the office of the superintendent of motive power, New York, Lake 
Erie & Western Railway Company, as draftsman. He remained here 
until 1886, when as the result of a successful competitive examination 
he was appointed an assistant examiner in the U.S. Patent Office, 
and assigned to Division 13. 

Mr. Morton rose to be chief clerk in the Patent Office, in 1895, and 
three years later was appointed primary examiner of Division 36, 
which was organized under his supervision. He held this position 
until his retirement in 1932. He became a member of the A.S.M.E. 
in 1890; he was also a member of the Masonic order and of the 
University Club in Washington. 

He married, in 1905, Alice M. B. Simmons, of Washington, D.C.., 
who survives him. 


ANDREW HENRY NEUREUTHER (1877-1937) 


Andrew Henry Neureuther, consulting engineer and patent at- 
torney for the Westclox Division of the General Time Instruments 
Corporation, of La Salle and Peru, IIl., was killed in an automobile 
accident on October 16, 1937, near Princeton, Il. 

Mr. Neureuther was born on April 3, 1877, at Peru, the son of 
Charles F. and Louise (Oesterle) Neureuther. He attended the Peru 
schools and entered the University of Illinois in the Mechanical Engi- 
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neering Department with the Class of 1898. After being granted his 
B.S. degree in mechanical engineering he spent a year in postgraduate 
work at the University, securing his M.E. in 1899. He then joined 
the staff of the Western Clock Company, La Salle, a small local plant, 
as engineer. Mr. Neureuther grew up with the company, soon be- 
coming its chief engineer, a position he held until 1932, when he was 
made consulting engineer and patent attorney. As chief engineer, 
he supervised every addition to the plant from 1899 on, one of his 
first jobs being to change the illuminating system over from gas to 
electricity. The modernization of the heating and power plants, the 
establishment of physical and chemical testing departments and an 
experimental machine shop, the conduct of research, and the design 
and manufacture of special machinery all came under his supervision. 
He held some twenty patents in the United States and Great Britain 
relating to clocks and clock parts, and particularly to automatic cast- 
ing machines and other special machinery used in the manufacture 
of clocks. 

In addition to his engineering course, Mr. Neureuther took up the 
study of law in his spare time, specializing in patent law, and secured 
his LL.B. degree from the Chicago Correspondence School of Law in 
1903 and shortly thereafter was admitted to the Illinois Bar Associa- 
tion. In 1930 the Western Clock Company was acquired by the 
General Time Instruments Corporation, of which it became the 
Westclox Division, and since 1932 Mr. Neureuther had devoted prac- 
tically all of his time to the patent work of the corporation. He at- 
tained a wide reputation in patent work and had served as an expert 
witness in important cases. 

Mr. Neureuther was a contributor to technical publications in- 
cluding the Street Railway Review and Machinery. He was serving as 
president of the National Sheet Metal Company and of the Citizens’ 
Hotel Company, both of Peru, at the time of his death and had 
served as director of The Illinois Zinc Company and The Central Life 
Insurance Company of Illinois, Chicago, and of two banks in Peru. 

Mr. Neureuther became a junior in the A.S.M.E. in 1899, and was 
promoted to the member grade in 1928. He was a member of Tau 
Beta Pi, honorary engineering fraternity, and of the Masonic order 
and was active in many organizations for community betterment. 
He had served as a trustee of the Peru Congregational Church, presi- 
dent of the public library board, vice-president of the Business Men's 
Association, and member of the school board and hospital associa- 
tion, and was actively interested in Boy Scout work. He was also 
secretary of the executive board of the Civic Federation of La Salle, 
Peru, and vicinity, and president and director of the Ottawa (IIl.) 
Chautauqua Association. 

In 1902 he married Nettie Jane Robinson, of La Salle, who died in 
1922. Three children, Anita Nettie Connellee, Andrew Wesley Neu- 
reuther, and Mabel Elaine Small, survive him. In 1926 Mr. Neureu- 
ther married Ada M. Baysoar, who also survives him. 


CARL VICTOR NORDBERG (1872-1937) 


Carl Victor Nordberg, of the Nordberg-Rowe Engineering Com- 
pany, Butte, Mont., died on June 3, 1937, of angina pectoris. 

Mr. Nordberg was born in Bjérneborg, Finland, on July 10, 1872, 
the son of Carl Victor and Dores (Heinze) Nordberg. His education 
and early engineering experience were acquired in Finland, where he 
was graduated with an M.E. degree from the Polytechnic Institute of 
Finland in 1900. Prior to this, he was employed from June to Sep- 
tember, 1896, with Abo J.M.A.B., manufacturers of steam engines; 
from September, 1896, to June, 1897, with Nobel Bros., St. Peters- 
burg, builders of mining machinery and steam engines; from June to 
September, 1897, and in 1898, with Bjérneborg Mek. Verkstad, Fin- 
land, builders of steamships and marine machinery; from June, 1899, 
to August, 1900, with A. G. Electricitiits Werke Vorm. Kummer & 
Co., Dresden, Germany, as assistant to the chief engineer, building 
an electric railway and power plant for the city of Helsingfors, Fin- 
land. 

Following his graduation from the Polytechnic Institute Mr. Nord- 
berg came to the United States and entered the employ of the Nord- 
berg Manufacturing Company, Milwaukee, Wis., which had been 
founded by his older brother, Bruno V. Nordberg (Mem. A.S.M.E.; 
for obituary see Trans. A.S.M.E., vol. 46, 1924, page 1318). For 
about five years he worked on designs for air compressors, blowing 
engines, hoisting, pumping and stationary steam engines and stamps. 

From September, 1905, to August, 1916, Mr. Nordberg served as 
representative of the Nordberg Manufacturing Company in the 
western states, selling machinery and supervising the installation of 
power plants. In August, 1916, he formed the corporation known as 
C. V. Nordberg Machinery Company, at Butte, Mont. On Novem- 
ber 1, 1919, he assumed charge of the Missoula Iron Works, which he 
managed in addition to the C. V. Nordberg Machinery Company 
until October, 1924. In November, 1926, he became associated with 
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the Nordberg-Rowe Engineering Company as consultant in research 
and engineering. He terminated this connection in 1932 to devote 
his time to designing and building portable compressors, which line 
he followed up to the time of his death. He supervised the installation 
of compressor valve systems for a number of mining companies, and a 
central compressor plant for the Anaconda Copper Mining Company, 
Butte, Mont., one of the largest of such plants in the world. He took 
out several patents, including one on cooling towers, and one on 
clutches. i 

Mr. Nordberg became a member of the A.S.M.E. in 1908. He 
was a member of the Navy Consulting Board of the United States, 
appointed by Secretary Josephus Daniels, in September, 1916. He 
became a naturalized citizen of the United States in 1912. 

In 1902, Mr. Nordberg married Ida Viola Stenstrom in New York, 
N.Y. She died on February 27, 1924. He is survived by a daughter, 
Greta (Nordberg) Quayle, and a son, Carl Victor Nordberg, Jr., both 
of Butte, Montana; also by two grandchildren, Dolores Ann Quayle 
and Carl Victor Nordberg. 


JULIAN DAY PAGE (1873-1936) 


Julian Day Page was born at LaSalle, Ill., on April 6, 1873, son 
of Thomas Mason and Kata (Brown) Page. He was graduated from 
Purdue University in 1894 with a bachelor’s degree in mechanical 
engineering and took his master’s degree three years later. During 
that period he worked on crane design for the Whiting Foundry 
Equipment Company, Harvey, Ill. From 1897 to 1901 he worked 
in Cleveland, Ohio, first for the Brown Hoisting Machinery Company, 
then for the McMyler Manufacturing Company, on crane design. 
He went to Youngstown, Ohio, in 1901, and for about three years 
was chief engineer for the Youngstown Engineering Company, also 
in connection with crane manufacture. 

In 1904 he turned to plate work as chief engineer of the Enterprise 
Boiler Company, of Youngstown. He continued in this field for 
some years, working for the Wm. B. Pollock Co., Youngstown, from 
1905 to 1907 and again, as assistant engineer, in 1910-1911; at the 
Ohio Works of the Carnegie-Illinois Steel Corporation, Youngstown, 
in a similar capacity, from 1907 to 1910; and for the Struthers Fur- 
nace Company, at Struthers, Ohio, as chief engineer, from 1911 to 
1915. He received a safety medal in connection with his work in this 
position. 

Subsequently Mr. Page spent about a year each with the Wm. Tod 
Co., Youngstown, and Mark Manufacturing Company, Chicago, 
Ill., and then went to New York, where he was chief draftsman with 
Perin & Marshall for several years. From May, 1918, until March, 
1920, and again from July, 1923, to June, 1932, he was connected 
with the Wilputte Coke Oven Corporation, New York, as chief drafts- 
man during the most of the time. He was with the International Coal 
Products Corporation in Newark, N.J., in 1920-1922. 

Since 1934 he had been designing engineer for the Lummus Com- 
pany, New York. He died in Plainfield, N.J., on February 3, 1936, 
after an illness of almost a year. 

Mr. Page became a member of the A.S.M.E. in 1918. He was a 
Knight Templar and 32nd degree Mason. He was much interested 
in horticulture and in the promotion of welfare for crippled children. 

Surviving Mr. Page are his widow, Helen Grinnell (Sill) Page, 
whom he married in 1903, and two children, Julian Day Page, Jr.. 
and Helen Jane Page, who reside with their mother in Westfield, 
N.J. 


EDMUND J. MASON PARRY (1876-1937) 


Edmund J. Mason Parry, for more than thirty years associated 
with the Hartford Steam Boiler Inspection & Insurance Co., died 
suddenly at his desk in the home office of that company in Hartford, 
Conn., on October 4, 1937. 

Mr. Parry was born on October 10, 1876, at Menai Bridge, Isle of 
Anglesey, North Wales. He was educated in Menai Bridge and Beau- 
marais schools and then served apprenticeships with De Winton, 
Carnarvon, Wales, and with Harland and Wolff, shipbuilders and 
engineers, Belfast, Ireland. At the completion of this course of 
training in 1896, Mr. Parry went to sea as assistant engineer in the 
Dominion Line Steamship Company, Liverpool, England, and in 
December, 1900, he was granted the certificate of the British Board 
of Trade as first-class marine chief engineer. He continued at sea, 
after transferring to the White Star Line in 1900, until April, 1906, 
with the rank of Engineer Officer, assistant to the chief engineer. 

In June, 1906, having emigrated to the United States, Mr. Parry 
joined the Hartford Steam Boiler Inspection & Insurance Co. as in- 
spector of steam boilers and flywheels, in its Boston office. He oc- 
cupied this position until March, 1913, when he was transferred to 
Hartford as directing inspector for the company, in charge of the 
inspection of details relative to the design, construction, and installa- 
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tion of boilers and other pressure vessels, with authority over the 
work of other inspectors. 

Following the death of Frank S. Allen in 1918, Mr. Parry succeeded 
to the position of chief inspector. For the next five years he served 
as head of the home department's inspection staff and in 1923 was 
transferred to the New York department as chief inspector. In the 
spring of 1933 he was granted leave of absence for rest and recupera- 
tion from a long illness and spent the next several months in his na- 
tive England. On his return Mr. Parry went to Hartford as a mem- 
ber of the engineering staff of the boiler division and served in this 
capacity until the time of his death. 

Mr. Parry became a member of the A.S.M.E. in 1918. He belonged 
to the Masonic fraternity and was a Shriner and a member of the 
Order of de Molay. For many years he was associated with the 
Hartford Hospital as a member of the board of directors and at 
the time of his death was its secretary. He was also a member of the 
Municipal Incinerator Commission, and of the Trinity Episcopal 
Church of Hartford. His clubs included the St. David Society of 
the State of New York, and the Professional Engineers Club of Con- 
necticut. 

He is survived by his wife, Elizabeth (Olson) Parry; three sisters 
in England; and a brother, Osmond Parry, in South America. 


JOHANN FRIEDRICH MAX PATITZ (1866-1937) 


Johann Friedrich Max Patitz—generally known as Max Patitz— 
chief consulting engineer for the Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis., died suddenly of a heart attack on 
January 3, 1937. 

Mr. Patitz was born on May 21, 1866, in Muegeln, near Leipzig, 
in Saxony. The following account of his life is based largely upon an 
obituary in Milwaukee Engineering, Vol. XVII, No. 4, of January, 
1937. 

He was educated in the Citizens’ School and Royal High School or 
Gymnasium, of Dresden. With his parents, he emigrated to the 
United States, and found his first employment in Pittsburgh, Pa., 
where he spent four years working in various factories and machine 
shops. Then, in June, 1885, he entered the employ of the Edward 
P. Allis Company at the Reliance Works in Milwaukee, where he held 
a number of successive minor positions during the first years. His 
ability, however, soon found recognition, both by Mr. Allis and the 
late Edwin Reynolds, and he was transferred to the engineering de- 
partment. He became one of the company’s designing engineers; 
and in 1901, when the Edward P. Allis Company became part of the 
Allis-Chalmers Company, he was put in charge of the building of 
steam engines and compressors. As early as 1899, Mr. Patitz saw 
the possibilities of the steam turbine, and in 1902 he was sent abroad 
to investigate the subject, and on his return did much to further the 
building of steam turbines by the company. He later made other 
trips to Europe for the company, investigating the various designs of 
gas engines, diesel engines, compressors, tillers, and tractors, and 
was intimately connected with the early development of Allis- 
Chalmers tractors and farm machinery. 

Mr. Patitz was granted many patents. His studies of the parallel 
operation of alternating-current generators began as early as 1900. 
He became an outstanding authority on critical speeds and vibrations 
in high-speed machinery, and on the intricate mathematical calcula- 
tions of modern machine design. 

Mr. Patitz became a junior member of the A.S.M.E. in 1891 and a 
member in 1900. He was appointed a member of the Power Test 
Codes Committee No. 5 on Reciprocating Steam Engines in January, 
1918; and of the P.T.C. Committee No. 20, on Speed Responsive 
Governors, in April, 1922, and was still serving on these committees 
at the time of his death. He was also a member of the Subcommittee 
on Steam of the Research Committee from the time of its appointment 
in 1911 until the completion of its work in 1915. In addition, Mr. 
Patitz was a member of the Society of Automotive Engineers, Verein 
deutscher Ingenieure, Engineers’ Society of Milwaukee, American 
Society of Agricultural Engineers, American Association for the Ad- 
vancement of Science, and Deutsche Landwirtschafts Gesellschaft. 


FRANCIS GLADHEIM PEASE (1881-1938) 


Francis Gladheim Pease was born at Cambridge, Mass., on January 
14, 1881, and received his early education at Highland Park, Ill. He 
studied science and engineering at Armour Institute of Technology, 
Chicago, and received his B.S. degree in 1901. His alma mater con- 
ferred the degree of M.S. in 1924 and Se.D.'n 1927. While attend- 
ing Armour, Pease worked evenings and weekends in the optical shop 
of Petitdidier, where he mastered many practical details of instrument 
making. 

After graduating from Armour, Pease was recommended by Petit- 


RI-65 


didier to Professor G. W. Ritchie of the Yerkes Observatory. Here 
he first took part in the routine work of grinding lenses and mirrors 
and later began work in instrument design under Professor Ritchie 
and also took part in the astronomical work as an observer under 
Dr. George Ellery Hale. This was a splendid apprenticeship for a 
man who combined great mechanical talent with good training 
in engineering theory. To these Pease also brought imagination and 
great enthusiasm. 

When the work at Mt. Wilson Observatory was inaugurated in 
1904 under a grant from Carnegie Institution, Pease and others ac- 
companied Dr. Hale to Pasadena, Calif. Much of the development 
of this fine observatory must be credited to Dr. Pease. He designed 
in large part the Snow telescope, the 60- and the 150-ft tower sun 
telescopes, the 60- and 100-in. reflecting telescopes, the 50-ft inter- 
ferometer, besides a great host of auxiliary instruments. He also 
supervised much of the work of grinding and testing the 60- and 100- 
in. reflectors. After the erection of the 60-in. telescope, Dr. Pease 
carried on the regular work of an astronomer. His astronomical ob- 
servations cover a wide range, including fine photographs of star 
clusters and faint nebulae which are used for comparison with previous 
and later observations. He made many observations of the spectra 
of faint nebulae. His moon photographs are said to be the finest in 
existence. 

In 1919 Dr. Pease assisted Dr. A. A. Michaelson in designing and 
constructing a giant interferometer and in measuring the diameter of 
Betelgeuse. Later, Pease made other measurements of the diameters 
of many of the nearer stars. He also assisted Dr. Michaelson in two 
determinations of the velocity of light, the last of which was com- 
pleted by him after Dr. Michaelson’s death. In this later experiment 
he designed and built a pipe line a mile long which was evacuated to 
one one-thousandth of an atmosphere. In 1929 he repeated the famous 
Michaelson-Morley experiment on ether drift, using an 85-ft inter- 
ferometer, and confirmed the previously found negative results. 

Following the design of the 100-in. telescope, Pease became greatly 
interested in the design of still larger telescopes. In 1926 he made a 
careful study of the problems involved in the design of a 300-in. 
reflector. He advocated the fork type mounting and proposed the 
use of pyrex glass for the mirror. 

When the work on the 200-in. reflector was inaugurated in 1930 
at the California Institute of Technology, Dr. Pease devoted half 
of his time to assisting in the design. He was engaged in this work at 
the time of his very sudden illness and death, on February 7, 1938. 

Dr. Pease had been a member of the A.S.M.E. since 1915 and 
served the Society as chairman of the Los Angeles Section and in many 
other capacities. He is survived by his widow whom, as Miss Caroline 
T. Furness, he met at Yerkes Observatory and married in 1905. 
Dr. Pease was a large man, a viking physically, and he radiated health 
and friendliness. He will be sorely missed.—[Memorial prepared by 
Wma. Howarp Pasadena, Calif., Mem. A.S.M.E.] 


HARRY ADAM PICKEL (1874-1937) 


Harry Adam Pickel, superintendent of generation for the Penn- 
sylvania Power & Light Co., at Hazleton, Pa., died on January 18, 
1937, in the Good Samaritan Hospital at Lebanon, Pa., the result of 
an automobile accident two days previously. 

Mr. Pickel was born at Montclair, Pa., on August 11, 1874, the son 
of Uriah Leonard Pickel and Elizabeth (Van Artsdalen) Pickel. He 
had no formal education beyond grammar school and home study 
work. From 1893 to 1896, he served an apprenticeship at woodwork- 
ing with Samuel Gourley of Philadelphia, from which he entered the 
employ of M. R. Mucklé, Jr., & Co., electrical and mechanical engi- 
neers and contractors. Here he served as electrical mechanic and 
foreman on several important jobs, the largest being the United 
States Gas Improvement Building at Broad and Arch Streets, Phila- 
delphia, when he was in charge of all electrical work. In 1899, Mr. 
Pickel went to the Philadelphia Bourse Building as electrician, and 
had become assistant chief engineer when he left, in 1902, to serve as 
superintendent and chief engineer of the Colonial Trust Building, 
Reading, Pa., a new building, ten stories high, and the first modern 
office building in that city. 

In 1906, Mr. Pickel joined the staff of the Engineer Company of 
New York, specialists in boiler efficiency and owners of the balanced 
draft system. After serving for some time in New York as salesman 
and superintendent of construction, he was sent to Philadelphia as 
district manager, and while there he designed and built the first de- 
vice to operate the damper of a steam boiler by the variation of the 
furnace gases. 

* From 1908 to 1913, Mr. Pickel was building superintendent and 
chief engineer of the Central Branch Y.M.C.A. in Philadelphia, one 
of the largest Y.M.C.A. buildings in the country, and he was also its 
house manager. He was also consulting engineer for the General 
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Board of the Y.M.C.A. in Philadelphia and in that capacity designed 
the plumbing, heating, and electrical work for the Elkins Memorial 
addition to the Central Branch, and also power plants for other 
branches in the city. 

In 1913, he went into business with two partners as the Quaker 
City Engineering Company, of Philadelphia. This business was 
terminated in 1916, because of lack of capital, and Mr. Pickel became 
superintendent of power for the Hercules Powder Company, Kenvil, 
N.J. Here he remained until August, 1919, when he took the position 
of superintendent of the Hauto Steam Electric Station of the Penn- 
sylvania Power & Light Co. He became superintendent of generation 
for the company on April 1, 1925. 

Mr. Pickel joined the A.S.M.E. as an associate-member in 1917, 
and was automatically transferred to the grade of member in 1935. 
He was active in the establishment of the Lehigh Valley Section in 
1920, and was one of the promoters in the expansion of the territory to 
include the anthracite area, which occurred in 1928. He was chairman 
of the Executive Committee of the Anthracite-Lehigh Valley Section 
in 1935-1936, and vice-chairman in 1928-1929, 1931-1934, and 1936- 
1937. 

In 1901, Mr. Pickel married Bertha May Hubbs, who survived him 
though injured in the same accident that was the cause of her hus- 
band’s death. He was also survived by two sons, Harry A., Jr., 
living in Ringtown, Pa., and Robert, who was a student at Gettysburg 
College at the time of his father’s death. 

In addition to his membership in the A.S.M.E., Mr. Pickel had 
been a member of the Engineers Club of the Lehigh Valley since its 


organization in 1921, and served on important committees at various _ 


times. He was active in the work of the Boy Scouts of America, and 
of the Rotary Club. He was a Royal Arch Mason and Knight 
Templar and a member of the First Presbyterian Church of Hazle- 
ton, Pa., in which he served as president of the Men's League. 


EDWARD RIVETT (1851-1937) 


Edward Rivett, of Allerton, Mass., died on December 16, 1937, of 
thrombosis of the brain, after a nine weeks’ illness. 

Mr. Rivett was born on January 5, 1851, in L’Assomption, Que., 
Can., the son of Antoine and Elise (Marsolais) Rivett. He had only 
a common school education, and went to work in 1865 in a cotton 
mill, at Manville, R.I. In the following year he also worked in a 
cotton mill, in Holyoke, Mass. He then put in two years in shoe 
shops in Worcester and Lynn, Mass.; then two years as night over- 
seer in a textile factory in Baton Rouge, La. In 1871, he was em- 
ployed by the N.Y. Watch Co. in its factory in Springfield, Mass., 
and this started him on what he made his lifework. He went to 
Boston in 1872, and got work with C. A. W. Crosby, watchmaker 
and jeweler. He invented a number of watchmakers’ tools, and in 
1884 started manufacturing tools and lathes with Mr. Crosby as 
silent partner, under the firm name of the Faneuil Watch Tool Com- 
pany, at Faneuil, Mass. The first ‘‘factory’’ was a wooden extension 
of his own home. After Mr. Crosby's death, Mr. Rivett bought out 
his interest and incorporated the business as the Rivett Lathe Manu- 
facturing Company, Brighton, Mass. 

In 1912, Mr. Rivett sold out this business on account of failing 
health. From then on up to his death, he considered himself as 
“‘retired,’’ but he continued to experiment and improve watchmaking 
tools and machinery, often remarking to friends that he was ‘‘too busy 
to take a vacation.” 

During his early days with Mr. Crosby, he had his first experi- 
ence in the buying of diamonds, in which he became an expert. 

Concerning his work the American Machinist, in its issue of 
December 29, 1937, said, in part: 

‘“*Mr. Rivett believed himself to be the originator of precision in 
bench lathes and small internal grinders. Unusual mechanical skill, 
an inquiring mind, and initiative were qualities that aided Mr. Rivett 
in building precision into his machines. His designs were worked 
out at the bench and his men built early models from sample pieces, 
In the search for greater precision he visited many shops in this coun- 
try and abroad to pick up ideas or materials. From Switzerland he 
obtained gages, in Turkey he bought a lifetime supply of lapping 
powder. If he wanted special gib stock, he went directly to the mill 
and showed them what he needed. In his opinion many modern 
shops have an impersonal attitude toward their products, and it was 
his delight to find one where no amount of time or trouble was too 
much to give in the search for perfection.” 

Mr. Rivett became a member of the A.S.M.E. in 1904. He was a 
Knight Templar and a Shriner. He was a skilful fisherman, good 
shot, and excellent woodsman, and was very fond of such recreation. 
His wife, Alma (Pinceloup) Rivett, whom he married in 1882, died 
in 1895. A daughter, Ida F. (Rivett) Lockwood, of Newton, Mass., 
survives him. 


TRANSACTIONS OF THE A.S.M.E. 


MARTIN LUTHER SIBERT (1908-1937) 


Martin Luther Sibert, a junior member of the A.S.M.E., died on 
March 31, 1937. He was born on December 1, 1908, in Gadsden, 
Ala., the son of Samuel Houston and Emma Lula (Penny) Sibert, 
and was a nephew of Major-General William L. Sibert, Retired, of 
the U.S. Army Corps of Engineers. 

He prepared for college in the Gadsden High School and was gradu- 
ated, with a B.S. degree in mechanical engineering, from the Georgia 
School of Technology in 1931, later studying electro-acoustical engi- 
neering through correspondence courses. During part of 1932-1933 
he was engaged in business for himself as a merchant and subse- 
quently was employed by the U.S. Geological Survey as an engineer- 
ing draftsman and computer, assigned, since August 15, 1934, to the 
Tennessee Valley Authority, in Chattanooga, Tenn. 

Mr. Sibert became a member of the Student Branch of the A.S.M.E. 
at the Georgia School of Technology in 1928, and transferred to 
junior membership in the Society in 1932. He was commissioned 
as second lieutenant in the 345th Infantry Reserve in 1930. He was 
unmarried. 


EDMUND RAY STEVENSON (1859-1935) 


Edmund Ray Stevenson was born at Burgettstown, Pa., on April 
14, 1859, and received his early education at the public school there, 
which was in session only for a six months’ winter term. Neverthe- 
less, at the age of eighteen he passed an examination qualifying him 
to teach in the public schools of his native county of Washington. Be- 
cause of his youthful appearance, however, the superintendent of 
schools thought it best not to make the certificate valid. 

Mr. Stevenson therefore entered upon an apprenticeship in the 
steamboat shop of James Rees in Pittsburgh, upon the completion of 
which he secured employment with the Yale & Towne Manufactur- 
ing Co., Stamford, Conn. Here he studied steam engineering under 
James McBride (Mem. A.S.M.E.) and Thomas Shaw, who later 
founded the Shaw Crane Company. He continued his studies under 
H. P. Morgan, chief engineer of the Norwalk Iron Works Company, 
South Norwalk, Conn., where he spent 15 years as machinist, tool- 
maker, toolroom foreman, supervisor of machine repairs, and designer 
of jigs, tools, and fixtures. He was also one of the early pupils of the 
International Correspondence Schools, enrolling in the mechanical 
course in January, 1901. This course enabled him to teach evening 
classes in mechanical drawing and mathematics. 

He left the Norwalk Iron Works Company to work as tool designer 
under Joseph E. Aue (Mem. A.S.M.E.) for the De La Vergne Ma- 
chine Company, New York. During a year there he helped to design, 
among other things, an attachment for use on planers to plane cylin- 
drical valve stems, a cam grinder, a cylinder boring mill, and a large 
floor milling machine. For the next five years he was in charge of 
power and transmission at the plant of the Union Hardware Com- 
pany, Torrington, Conn., and performed all the millright work. 
He supervised the installation of considerable new equipment and the 
construction of a new grinding room. 

The remainder of Mr. Stevenson’s work was in Detroit, Mich. He 
was employed by The Timken-Detroit Axle Company in 1915 as tool 
trouble man and four years later was transferred to the Tool Design 
Department. He taught in the vestibule or shop training school 
throughout the World War, and improved the company’s practice in 
the welding of tools by substituting a butt-welding machine for the 
spot-welding machine that was formerly used to join the high-speed 
steel and Stellite tips to cold-rolled stock, thereby effecting savings in 
time and current. . 

He next went to the Kelsey Wheel Company to design tools for the 
manufacture of Ford front tractor wheels. This led to his connection, 
in 1924, with the Ford Motor Company, to design and build fixtures 
for body assembly; he also installed safety attachments on cranes, 
and improved the tools used in the plant and the fixtures for repairing 
them, He was appointed an instructor at the Henry Ford Trade 
School in 1928 and remained there until 1933. 

Mr. Stevenson was especially interested in increasing production 
by the standardization of parts, and the use of conveying systems in- 
stead of men and trucks to move material from one part of the plant 
to another. In addition to the work already mentioned, he invented 
an attachment for use in connection with universal cutter and tool 
grinders, and developed a multiple stamp mill for the Stamford 
Bronze Company, and a line of machinery for the Boas Thread Com- 
pany which would print labels, stamp and label spools, and wind 
thread. 

He joined the A.S.M.E. in 1921 as an associate-member but re- 
signed in 1927. He was reinstated as an associate-member in 1933. 
His death occurred on June 29, 1935. Mrs. Ethel R. Stevenson, of 
Detroit, survives him. 
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GEORGE GODFREY STEWART (1888-1937) 


George Godfrey Stewart, engineer at the Donora Steel Works of 
the American Steel & Wire Co., Donora, Pa., died on January 14, 
1937, of an embolism following an operation for appendicitis. 

Mr. Stewart was born at Merchantville, N.J., on December 23, 
1888, the son of Wickliff Baldwin and Justina (Godfrey) Stewart. 
He was graduated from Temple University in 1907, and from Drexel 
Institute in 1916. He served a special apprenticeship from 1904 to 
1907 as a machinist with the Pennsylvania Railroad ferries at Cam- 
den, N.J., and two further years, 1908-1910, in the P.R.R. shops at 
Hoboken, N.J. During the latter period, he secured considerable 
engineroom experience on P.R.R. ferry- and tugboats in New York 
harbor, and before and during his course at Drexel Institute he pi- 
loted ferryboats of the P.R.R. between Camden and Philadelphia. 

In 1916-1918, Mr. Stewart was inspector of tests in the Test De- 
partment of the P.R.R., with headquarters at Altoona, Pa. In 
1918-1919, he served as assistant superintendent of shop and field 
machinery at the Gloucester, N.J., and Bristol, Pa., plants of the 
U.S. Shipping Board, Emergency Fleet Corporation. He began 
work for the American Steel & Wire Co. in 1921 as machine operator 
in the shops at Donora, and in 1922 was made foreman of the En- 
gines and Pumps Department. Retrenchments by the company 
necessitated his transfer to work as engine repairman in May, 1932, 
but the following year he was placed in charge of the boiler house, 
with the title of head engineer, and continued in that position until 
his death. He held patents on a safety valve and on a key ring. 

Mr, Stewart joined the A.S.M.E. as an associate-member in 1928, 
and was automatically transferred to the member grade in 1935. 
He was a member of the Engineers Club of Philadelphia from 1914 
to 1938. He was also a member of the Masonic order and a Shriner. 

In 1920, Mr. Stewart married Margaret M. Pipes of Donora, Pa., 
who survives him. 


WILLIAM FRASER STEWART, JR. (1897-1937) 


William Fraser Stewart, Jr., chief engineer in connection with fire 
prevention and safety engineering work with W. H. Markham & 
Co., St. Louis, Mo., died at the Central Hospital, in that city, on 
September 9, 1937, of a duodenal ulcer. 

Mr. Stewart was born in St. Louis on January 1, 1897, the son of 
William Fraser and Daisy Beatrice (Lamb) Stewart. His formal 
education ended with the completion of three years in the Central 
High School, St. Louis, after which he served an apprenticeship with 
David Ranken, St. Louis, and with Hispano Suiza, Paris, France. 

In July, 1917, he enrolled in the U.S. Naval Reserve Force at St. 
Louis, as chief machinist’s mate, and was sent to France, where he 
was assigned to aviation, in charge of bomb sight design and machine 
shops at St. Trojone. On his return to the United States in 1919 he 
became superintendent of the American Heater Corporation, St. 
Louis, designers and builders of automatic water heaters. He held 
this position until 1922, and then served until 1925 with the Western 
Electric Company as division inspector, in charge of inspection and 
tests of automatic telephone exchange apparatus. In 1925, Mr. Stew- 
art was appointed engineer for the Ocean Accident & Guarantee 
Corp., his duties relating to safety engineering, general consulting 
work, and the inspection of powerhouse equipment. His association 
with W. H. Markham & Co., began in 1930. In addition to his re- 
sponsibilities as chief engineer he served the company in connection 
with building and equipment values, on which he was well informed. 

Mr. Stewart joined the A.S.M.E. as an associate-member in 1929, 
and was automatically transferred to the member grade in 1935. He 
was also a member of the Safety Council, St. Louis, Army Ordnance 
Association, and American Legion, and a former member (1924) of 
the Flying Club of St. Louis, and belonged to the Masonic Lodge in 
Clayton, Mo. He founded and was chief of the West Overland 
(Mo.) Fire Department (volunteer) from 1929 to 1934, when it was 
disbanded. He continued in the Naval Reserve Force for a number 
of years after the War, finally accepting his discharge in 1925. He 
was an excellent shot and made a hobby of collecting old firearms. 

He married Marion Clare Williams in 1927, and is survived by her 
and their three children, William Robert, John Fraser, and Beverley 
Ann, 


ARCHIE MILTON STILES (1878-1937) 


Archie Milton Stiles, who had been connected with the Water 
Division of the Department of Public Utilities of the City of St. 
Louis, Mo., since 1901, died in that city on March 5, 1937. Mr. 
Stiles was born in St. Louis on June 9, 1878, the son of Andrew 
and Catherine (Cathbert) Stiles, and secured his preliminary education 
in the public schools there; his professional education he obtained 
through the International Correspondence Schools. 
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Irom 1892 to 1896 he worked as machinist-apprentice with the 
Rankin-Fritsch Foundry & Machine Co. of St. Louis and during the 
next five years he was machinist with several different companies, 
making dies, castings, and tools. In 1901, he began his long service 
with the Water Division of the City of St. Louis. He served until 
1905 as machinist and from then to 1912 as foreman of machine, 
blacksmith, tin, and pattern shops. In 1912, he became inspector for 
steam boiler and pumping machinery, and held this position until 
1920, being resident inspector at various p!ants throughout the 
United States, during the manufacture of pumps, boilers, compressors, 
valves, piping, and general supplies and machinery for the City of 
St. Louis. In 1930, Mr. Stiles was appointed superintendent of 
construction of mechanical equipment by the City Water Division, 
and was so employed up to his death. 

He joined the A.S.M.E. as a member in 1930, and was also a life 
member of the Masonic fraternity and of the Low Twelve Club of 
Chief Engineers, of St. Louis. He contributed occasional papers to 
Power and American Machinist. He was especially fond of opera and 
vocal music and enjoyed water sports and fishing. 

Mr. Stiles is surviyed by his widow, Marcelina F. (Ryan) Stiles, 
whom he married in 1930. 


GEORGE EDWIN TAYLOR (1886-1936) 


George Edwin Taylor, district manager at San Francisco, Calif., 
tor the Chain Belt Company of Milwaukee, died on July 23, 1936. 
He had been associated with the company since 1923. 

Mr. Taylor was born in Chicago, IIl., on January 22, 1886, son of 
Edwin and Lilla (Knight) Taylor. He took a three-year technical 
course at the Crane Technical High School and Junior College in 
Chicago (1901-1903) and an evening course in mechanical drawing at 
the Chicago Technical College in 1905-1906. After leaving high 
school he was employed successively in the shops of the Western 
Electric Company and by the Arthur Frantzen Company, electrical 
contractors, Chicago, for several years, then became a junior drafts- 
man with the H. W. Caldwell & Son Co., Chicago, where he remained 
until April, 1912. He then took the position of chief draftsman for 
the Meese & Gottfried Co., of San Francisco. Subsequently he was 
put in charge of all work in the engineering department. He helped 
to develop a full line of power transmitting machinery, embodying 
friction clutch design, chain, gear, and belt drives. In a letter writ- 
ten in 1921 he mentioned several examples of his work, as follows: 

“T have had the pleasure of seeing the successful operation of truck 
conveyors installed at the Bay piers for unloading ships for the Cali- 
fornia Navigation and Improvement Company, also large conveying 
systems for handling sugar for the California and Hawaiian Sugar 
Refining Company at Crockett, Calif. I have made complete lay- 
outs of timber structure and large rock screens for gravel plants such 
as were installed for the Grant Rock and Gravel Company at Fresno 
and the Grant Gravel Company at Pleasanton, Calif. We have just 
completed and shipped five self-propelled automatic trippers for belt 
conveyors to be used at the Shasta Zinc and Copper Company’s 
plant.” 

During his years with this company Mr. Taylor also gave evening 
instruction in mathematics at the Healds Engineering School in San 
Francisco. In 1921 he joined the R. & J. Dick Co., Inc., of Passaic, 
N.J., as sales engineer, and he continued in that work until he entered 
the employ of the Chain Belt Company in 1923. 

Mr. Taylor married Anita Leith, of San Francisco, and is survived 
by her. He enjoyed music, was a baseball, basketball, and football 
fan, and liked to fish and hunt. He was a charter member of the 
Cleveland Lodge No. 211, F. & A.M., Chicago, IIl., held the 32d de- 
gree in the Scottish Rite, San Francisco Consistory, and was a member 
of Islam Temple, A.A.O.N.M.S., San Francisco. He became a 
junior member of the A.S.M.E. in 1919, was advanced to the grade 
of associate-member in 1921, and automatically transferred to full 
membership in 1935. 


ROGER TAYLOR (1881-1937) 


Roger Taylor, superintendent of the plant of the Susquehanna 
Electric Company at Conowingo, Md., died on April 27, 1937. Mr. 
Taylor was born on October 7, 1881, at Ashton-under-Lyne, England, 
the son of Jesse and Mary Schofield Taylor. He received his profes- 
sional education at the technical school in Ashton-under-Lyne, and 
later took two years’ work in the Drexel Institute of Philadelphia, Pa. 

Mr. Taylor’s first employment after coming to the United States 
began in October, 1898, in the Motive Power Department of the Phila- 
delphia (Pa.) Rapid Transit Company, where he worked on boiler 
and turbine tests and indicating steam engines until August, 1906, 
when he was appointed engineer-in-charge and assistant for ‘several 
of the company’s reciprocating and turbine plants. 
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In October, 1912, he joined the Philadelphia Suburban Gas & Elec- 
tric Co. as superintendent of plants in Pottstown and Phoenixville, 
Pa. This assignment covered the parallel operation of turbine, hy- 
droelectric, and reciprocating engine plants, considerable new con- 
struction, and work on gas plant operation. 

In October, 1916, Mr. Taylor joined the Operating Department of 
the Philadelphia Electric Company. He assisted in the design and 
construction of the company’s Delaware station and served as its 
superintendent. He also was closely connected with the engineering 
design and development of the Conowingo hydroelectric project. 
He remained with this company for nearly ten years, when he became 
associated with the Susquehanna Electric Company, a subsidiary of 
the Philadelphia Electric Company, as plant superintendent, which 
position he held for the remainder of his life. 

Mr. Taylor became an associate-member of the A.S.M.E. in 1917 
and was promoted to member in 1927. He also belonged to the 
American Institute of Electrical Engineers. He served on the Na- 
tional Hydraulic Committee of the National Electric Light Associa- 
tion and on the Prime Movers and Hydraulic Committees of the 
Pennsylvania Electric Association, which represented the egstern geo- 
graphic division of the N.E.L.A. prior to 1933. 

Although born in England, he came a citizen of the United States 
by his father’s naturalization. He married Sarah Mcllhenny, of 
Philadelphia, in 1906, and is survived by her and by their two children, 
Roger S., an electrical engineer, and S. Eleanor Taylor. Mr. Tay- 
lor’s brother, Jesse Taylor, Jr., is a member of the A.S.M.E. 


CARL CLAPP THOMAS (1872-1938) 


Dr. Carl Clapp Thomas died at his residence at Pasadena, Calif., 
on June 5, 1938. He was born in Detroit, Mich., on July 14, 1872, 
the son of George Roscoe and Caroline Melissa (Clapp) Thomas. 
His preparatory education was obtained in the public schools of 
Detroit and later in those of Pasadena, where his father became an 
early resident. Carl Thomas entered in 1891 the first class at Leland 
Stanford University, along with the Hon. Herbert Hoover and 
others who have since been outstanding personalities in American 
life. In 1894 he transferred to Cornell University, from which he 
received the degree of Mechanical Engineer in 1895. In 1937, The 
Johns Hopkins University honored him by conferring the degree of 
Doctor of Engineering. 

Dr. Thomas was employed for four years after graduation with the 
Globe Iron Works Company, shipbuilders, Cleveland, Ohio, in the 
shops, as draftsman, as chief draftsman, and finally as chief engineer. 
From 1899 to 1901 he served as chief draftsman in the marine depart- 
ment of the Maryland Steel Company, Sparrows Point, Md. He 
was next professor of marine engineering and naval architecture at 
New York University from 1901 to 1903, and at the same time main- 
tained a consulting practice as a marine engineer. He was assistant 
professor of mechanical engineering at the University of California, 
Berkeley, Calif., during the college year 1903-1904, at which time he 
served as consultant on the design and building of the U.S.S. Nebraska, 
of dredges for the North American Dredging Company, and of other 
ships of various types. 

In the spring of 1904, the late George Westinghouse engaged Dr. 
Thomas to carry out some special work for him. Later in the 
summer Dr. Thomas became interested in the Steam Turbine De- 
partment and spent some time on the test floor before going to 
Cornell University that fall as professor of marine engineering. 
This interest in steam turbines resulted in the offering by Professor 
Thomas during the following year of a course of lectures on steam 
turbines at Cornell University, probably one of the first courses on 
steam turbines in America, and, later, in the writing of a textbook on 
steam turbines (John Wiley & Sons, Inc.) which first appeared in 1906 
and which ran through four editions. At the time it was written this 
book formed an outstanding contribution to engineering literature. 

The summer of 1905 was spent on experimental work at the 
General Electric Company’s laboratories at Schenectady on the specific 
heat of superheated steam. This was followed by extensive research 
on this subject at Cornell which resulted in the contribution of a paper 
to the A.S.M.E. on ‘‘The Specific Heat of Superheated Steam”’ 
(Trans. A.S.M.E., vol. 29, 1907, p. 1021). A by-product of this 
research was the invention and development of the Thomas electric 
calorimeter for the exact measurement of the quality of wet steam. 
Professor Thomas spent the summer of 1906 in the steam turbine 
department of the Fore River Shipbuilding Company, Quincy, Mass. 
During 1907-1908 he served as president and manager of Thomas and 
Grant, engineers and boat builders, Ithaca, N.Y. 

Following the death of Prof. Storm Bull, Dr. Thomas was called 
to the University-of Wisconsin as professor of mechanical engineering 
in 1908 and remained until 1913, with the exception of one year spent 
in research in Europe. At Wisconsin he directed much research, 
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from some of which resulted the invention of the Thomas electric 
gas meter that has since been used widely throughout the world. 
Another invention less widely known was a method of supercharging 
internal-combustion engines. A third contribution during this period 
was the design of a form of bent tube boiler that has since been widely 
used. Other investigations covered steam flow, steam nozzles, air 
measurement, properties of bearings, boiler circulation, and proper- 
ties of heat insulation materials. Many technical papers were written 
during this period, two of which appeared in the A.S.M.E. Transac- 
tions. 

In 1913 he was called to The Johns Hopkins University, Baltimore, 
Md., to assist in organizing the new School of Engineering and to be- 
come its first professor of mechanical engineering, which position he 
filled until 1920, with the exception of the war years, 1917-1919, when 
he was on leave of absence to serve as manager of machinery design 
and fabrication, American International Shipbuilding Corporation, 
at Hog Island, Pa. This was the largest shipyard ever constructed, 
and it was here that freighters and transports were built in great 
numbers to aid America and her Allies in World War I, 

While at The Johns Hopkins University he carried on extensive 
experimental work, and developed devices for the cooling of water in 
spray ponds, for the recovery of used oil, for the low-temperature 
carbonization of coal, flotation methods for minerals, etc. He also 
invented the electric recording gas calorimeter. 

In 1920, Professor Thomas moved to Pasadena and became western 
representative and vice-president of Dwight P. Robinson & Co., 
Inc., which positions he held until his death. He had a large part in 
the design and construction of the Seal Beach Station of the former 
Los Angeles Gas & Electric Co. and of the expansion of the American 
Potash & Chemical Co.'s plant at Trona, Calif. 

Professor Thomas became associate in engineering research at the 
California Institute of Technology in 1925, and continued in this 
position until hisdeath. One of the results of his research work at the 
Institute was the development of a new apparatus to separate liquids 
from mixtures with vapors. 

The contributions of Dr. Thomas to the civie affairs of Pasadena 
were of no small order. He was one of the Board of City Directors 
of Pasadena from 1921 to 1924. He was a director and vice-president 
of the Pasadena Hospital. He was a director of the Pasadena Art 
Institute and also of the Pasadena Civic Orchestra Association. 

Dr. Thomas was a member of the American Society of Naval 
Architects and Marine Engineers, of The Franklin Institute (from 
which he received the Edward Longstreth Medal in 1912 for his paper 
on ‘‘The Measurement of Gases,’’ published in the November, 1911, 
issue of the Journal of The Franklin Institute), the American Gas 
Institute, the American Association for the Advancement of Science, 
and the Inventors Guild. 

He joined the A.S.M.E. in 1908 and served on its Nominating 
Committee in 1913. From 1913 to 1917 he was a member of the 
Society's Special Committee on Changes in Patent Laws of the 
United States. He was chairman of the Committee on Air Machinery 
from 1916 to 1920; a member of the Main Committee on Research, 
1916-1920; and a member of the Power Test Codes Committee on 
Steam Turbines since 1920. He was a manager of the Society from 
1920 to 1923, and a delegate to the American Engineering Council 
during 1924-1926. 

Dr. Thomas was married on July 14, 1899, to Katherine L. Nash. 
Mrs. Thomas and two sons, Alfred Randall and Roscoe Carl, all of 
Pasadena, survive him. 

Dr. Thomas possessed a keen analytical mind as evidenced by his 
prolific research and many inventions. He was a capable engineer 
and an able administrator. “In university work, he was an inspiring 
teacher and was loved by students and associates. He was devoted 
to good music and throughout his life played the violin with skill and 
great enjoyment. 

Only great dynamic energy and boundless enthusiasm could have 
enabled Dr. Thomas, in his relatively short life, to accomplish so 
much in so many diverse fields. Yet, while he was highly respected as 
an engineer, a scientist, a teacher, and an inventor, it is Carl Thomas 
the man who is remembered by his friends. He had a genius for 
friendship. His warm interest in people, his eagerness to help with- 
out thought of self, his uncompromising devotion to the highest ideals, 
combined with tender sympathy and an understanding of life’s prob- 
lems—these are characteristics that will make all who knew him 
remember Carl C. Thomas as a beloved friend.—[{Memorial prepared 
by A. G. Curistiz, Baltimore, Md., Fellow and Past-President, 
A.S.M.E.] 


WILLIAM FYFE TURNBULL (1881-1937) 


William Fyfe Turnbull, engineering examiner of the New York 
City Municipal Civil Service Commission, died on May 14, 1937. 
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Mr. Turnbull was born in Belleville, Ont., Can., on August 9, 1881, 
the son of Alexander and Mary Esther Turnbull. He prepared for 
college at the high school in Orange, N.J., and then attended Colum- 
bia University, where he was graduated with the A.B. degree in 1903, 
and took a year of graduate work, 1903-1904. He also took two 
years’ work in mechanical engineering at the Massachusetts Institute 
of Technology, 1904-1905 and 1906-1907. During his college 
years, he had some shop experience with the H. K. Porter Co., builders 
of locomotives, Pittsburgh, Pa. In 1905-1906, he worked as drafts- 
man for the Erie Railroad, and in the same capacity for the N.Y. 
Central R.R. in 1907. 

In 1908 and 1909, Mr. Turnbull served as assistant to the treasurer 
of the Hampton Institute, Virginia, his work there covering also 
inspection of the steam and electric light plant and the sewer system. 
From 1909 to 1915, he was estimator and technical correspondent 
with the American Locomotive Company, New York, also lecturer 
in strength of materials for evening classes at Teachers College, 
Columbia University. From 1915 to 1918, he served as instructor in 
machine design at the University of Pennsylvania, and in 1918-1919 
was attached to the U.S. Department of Labor on war service. 
Following this assignment, Mr. Turnbull resumed teaching, serving 
on the faculty of Yale University, 1919-1921, and New York Univer- 
sity from then until September, 1927, when he was employed by the 
Third Avenue Railway System of the City of New York. Here he 
worked on shop drawings, road tests, mechanical improvements, 
traffic surveys, cost of operation of buses, and proposed trolley buses. 
In 1934 he was appointed to the New York City Municipal Civil 
Service Commission as engineering examiner. 

Like many engineers who divided their professional labors between 
teaching and commercial lines, Mr. Turnbull did considerable inde- 
pendent and consulting work. He was licensed as a professional 
engineer in the State of New York in 1924. This work included sur- 
veys for the West Shore Railroad, Erie Railroad, and Central Railroad 
of New Jersey, for which he also checked all steel-work drawings for 
the Newark Bay Viaduct. 

In 1916, he married Clara Kramer, of Tuckahoe, N.Y., who sur- 
vives him. They had no children. Mr. Turnbull was an American 
citizen, having been naturalized in 1902, at Newark, N.J. He be- 
came an associate of the A.S.M.E. in 1913, but resigned in 1917. 
However, he was reinstated in 1923 with the grade of member. 
Several brief contributions by him, dealing with engineering econom- 
ics, were published in Mechanical Engineering and he served on the 
Subcommittee on Economics of the Management Division of the 
Society in 1933-1935. He was also a member of the Society for the 
Promotion of Engineering Education and the New York Railroad 
Club. 


ARTHUR WILLIAMS (1868-1937) 


Arthur Williams, former vice-president of the New York Edison 
Company, died on April 14, 1937. Mr. Williams was born on 
August 14, 1868, at Norfolk, Va., the son of Rev. Christopher Stephen 
and Hannah Sanford (Rogers) Williams, and was educated in public 
and private schools in Hartford, Conn., and in New York, N.Y. 

He began work in August, 1884, with the firm of Rennie & Smith, 
electrical contractors, New York. In February, 1885, he entered 
the service of the Edison Electric Illuminating Company of New York 
as assistant in the Chemical Meter Department, becoming super- 
intendent of interior construction in 1887; electrician of the com- 
pany later in 1887; superintendent of the third district, 1888, and of 
the Underground Department, 1889; general inspector, 1890, and 
general agent, 1893. From then on, until 1915, he exercised the 
function of these two positions in this company and in the New York 
Edison Company, into which it was merged in 1901. He was then 
appointed general commercial manager, and in 1924 he was made 
vice-president in charge of commercial relations, from which position 
he retired in 1928. 

Besides his lifework in the electrical industry, Mr. Williams was 
active in many other fields. In 1917, he was appointed to the post of 
Federal food administrator for New York, N.Y., and served in that 
capacity until his resignation in 1920. During the Spanish-American 
War, he served as commanding officer of the New York Volunteer 
Defense Forces, mining New York Harbor. In 1912, he was decorated 
by the King of Sp:'n, receiving the rank of Knight in the Royal 
Order of Isabel the Catholic, in recognition of his work in the interests 
of safety; and in 1926 he was made a Chevalier of the French Legion 
of Honor. 

Mr. Williams joined the A.S.M.E. as an associate in 1915, and was 
a Fellow of the American Institute of Electrical Engineers. He wasa 
past-president of the American Association for the Advancement of 
Science, Association of Edison Illuminating Companies, National 
Electric Light Association, New York Electrical Society, and Ameri- 
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‘an Museum of Safety, and was chairman of the Greater New York 
Safety Council, 1936-1937. He had served as president of the 
Electrical Board of Trade and of the Electrical and Industrial Ex- 
hibition, held annually at Grand Central Palace, New York, for a 
number of years. He was also a member of the American Academy 
of Political and Social Sciences, American Electrochemical Society, 
American Association for Labor Legislation, International Industrial 
Relations Association, Society of American Military Engineers, and 
other technical and civie organizations, as well as of many clubs. 
He was the author of numerous papers on municipal ownership, 
electrical subjects, relations with employees, and allied topics. 

Mr. Williams was deeply interested in social and civic welfare. 
He was unmarried, and made his home in Roslyn, Long Island, of 
which village he was a trustee. 


RUDOLF WINTZER (1873-1937) 


Rudolf Wintzer was born on May 14, 1873, at Iserlohn, Westphalia, 
Germany. He was one of four children of Marie Koenig and Wil- 
helm Wintzer. During his early life, his father acquired a factory at 
Guetersloh, Germany, at which wagon wheels were made. Upon 
the death of his father, the family established a home in Berlin. Mr. 
Wintzer completed his education at the Technische Hochschule, 
Charlottenburg, and for several years worked in various machine 
shops and foundries in Germany. From 1896 to 1900 he worked 
under Professor Riedler, consulting engineer, Charlottenburg, and 
later became his assistant. This work related particularly to the 
design of pumping and blowing engines, compressions, and all kinds of 
machinery for mines and iron and steel works. He was also assistant 
at the technical high school. In 1901-1902 he had full charge of the 
drafting room and shop of the Stahl und Eisen Aktiengesellschaft at 
Horde, Germany, manufacturing steam engines and boilers. 

His work with Professor Riedler prepared him for his next position, 
which was with the Westinghouse Works, at Manchester, England, 
where he went in 1903. From there he was called to the United 
States by the Guggenheim interests for consultation, and after com- 
pletion of his work with them, again returned to Manchester, where 
he was active for several years, designing and testing large gas en- 
gines. He was finally again called to the United States by the Gug- 
genheim organization and engaged by them for carrying on work then 
being done at the Snow Steam Pump Works of the International 
Steam Pump Company, at Buffalo. In 1906 or 1907 he became chief 
engineer of the Power & Mining Machinery Co., at Cudahy, Wis., 
which in 1906 had become part of the International Steam Pump 
Company. During the next few years he was kept busy traveling 
for the company and in work at the Buffalo and the Cudahy works. 

In 1911 or 1912, while seeking other employment, he contacted the 
Nordberg Manufacturing Company, Milwaukee, and was engaged by 
the Peck Concentrator Company to design a special separator, which 
work he carried on in the shops of the Nordberg Manufacturing Com- 
pany. He was finally employed by the Nordberg Manufacturing 
Company, toward the end of 1912, and remained with it until his 
death. Between 1922 and 1924 he acted as assistant to Dr. Bruno V. 
Nordberg, at that time chief engineer, and upon the latter’s death in 
1924, Mr. Wintzer became chief engineer of the company. Having 
led a very active life, he was finally appointed as consulting engineer 
in 1935 and his assistant, Emil Grieshaber, thereupon took over his 
duties as chief engineer. 

During his years with the Nordberg Manufacturing Company, 
Mr. Wintzer developed a number of interesting units. While asso- 
ciated with Dr. Nordberg, he detailed and carried out special designs 
on a very successful hydrogen compressor. With Dr. Nordberg, he 
also developed large rolling mill engines, and later on, when he as- 
sumed the position of chief engineer, this experience stood him in good 
stead. He thereafter developed the largest hydrogen compressors so 
far built, as well as some very heavy rolling mill engines, river boat 
engines, compressors, pumps, and the like. During his lifetime, he 
invented a number of things and held twelve patents, either in his 
own name or in combination with others. He was continually striving 
to improve any device which came to his notice and his intense inter- 
est in all mechanical means kept him active along these lines until the 
last. 

Mr. Wintzer was of a very retiring nature, but traveled a great deal 
and formed many acquaintances and friends. He often spoke of the 
particularly happy years spent in association with Dr. Nordberg. 
It seems both men recognized in each other those engineering attri- 
butes which sometimes lead to lasting friendships. His death, from 
heart failure, occurred on December 16, 1937. He is survived by his 
widow, Emmy Wintzer, whom he married in 1910, and by two boys, 
Herman and Fred, both of whom are engineers in the employ of 
chemical industries in this country, and a sister living in Hamburg, 
Germany. He had been a member of the A.S.M.E. since 1908. 
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Texas Technological College 

Carnegie Library 


University of Utah 
Public Library 


University of Vermont 


Blacksburg Virginia Polytechnic Institute 
Charlottesville... University of Virginia 
Lexington.. Virginia Military Institute 
Public Library 
Virginia State Library 


State College of Washington 
Public Library 

Engineers Club 

University of Washington 
Public Library 

Public Library 


West Virginia University 


Library, University of Wisconsin 
Public Library 

Vocational School Library 
Marquette University 


Wyoming University 


ibrary 

Allentown........F 

Easton..... 

Camden..... 
Elisabeth... 

Princeton... 

York 

hod 

Buffalo..... 

Knoxvill 

Schenectady. . 

Syracuse El Paso 

Houston 

Chapel Hill..... San Antoni 

rham.. Utah City.. 

Fargo. Forks..... Burlington....... 

Grand Fo 

Ada...... 

Akron...... 

Cincinnati 

om 
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Depositories for A.S.M.E. Transactions Outside the 
United States 


Argentine 


Buenos Aires..... 


Australia 


Adelaide........ 


Rio de Janeiro. . . 


Biblioteca de la Sociedad Cientifica 


. Public Library of Adelaide 


Public Library of Victoria 
University of Western Australia Library 
Public Library, N. 8. W., Sydney 


University of Louvain 


Bibliotheca da Escola Polytechnica 
Bibliotheca Nacional 
Bibliotheca da Escola Polytechnica 


McGill University 
Engineering Institute of Canada 
University of Toronto, Library 


Universidad de Chile, Facultad de Ciencias 
Fisicas y Matematicas (Engg. School) 


College of Technology of Peiping University 


Cuban Society of Engineers 


The Royal Technical College 


Birmingham Public Libraries 
University of Bristol 
University of Cambridge 
University of Leeds 

Public Library of Liverpool 
Liverpool Engineering Society 


. .City and Guild Engineering College 


Institution of Automobile Engineers 

The Institution of Mechanical Engineers 

Institution of Civil Engineers 

Institution of Electrical Engineers 

The Junior Institution of Engineers 

The Royal Aeronautical Society P 

Manchester Public Libraries (Reference 
Library) 

Oxford University 


The North-East Coast Institution of Engi- 
neers and Shipbuilders 
Sheffield Public Libraries 


University of Lyons 
cole Nationale des Arts et Metiers 

Ecole Nationale Supérieure de L’Aeronau- 
tique 

Ecole Centrale des Arts et Manufactures de 
Paris 

Société des Ingénieurs Civils de France 


Verein deutscher Ingenieure 

Bibliothek der Technischen Hochschule 
Bibliothek der Technischen Hochschule 
Universitats- und Stadtbibliothek 
Bibliothek der Technischen Hochschule 


Germany (Continued) 


Mexico City. . 


South Africa 


Cape Town...... 


Biicherei des 
hittenleute 

Technische Zentralbibliothek 

Bibliothek der Technischen Staatslehran- 
stalten 

Bibliothek der Technischen Hochschule 

Bibliothek der Technischen Hochschule 

Stadtbibliothek 

Bibliothek der Technischen Hochschule 

Bibliothek des Deutschen Museums 

Bibliothek der Technischen Hochschule 


Vereines deutscher Ejisen- 


Koninklijke Akademie von Wetenschappen 
Bibliotheek der Technische Hoogeschool 
Koninklijk Instituut van Ingenieurs 
Nationaal Technisch Scheepvaartkundig In- | 
stitut 


Mysore Engineers Association 
Bengal Engineering College 
Poona College of Engineering 
University of Rangoon 


Queen’s University of Belfast 


Biblioteca de la R. Scuola d’Ingegneria 

Comitato Autonomo per l’Esame della 
Invenzioni 

Biblioteca della R. Scuola d’Ingegneria 


. .Biblioteca della R. Scuola d’Ingegneria 


Consiglio Nazionale delle Ricerche presso il 
Ministero della Educazione Nazionale 
Biblioteca della R. Scuola d’Ingegneria 


Kobe Technical College 
Imperial University Library 
The Society of Mechanical Engineers 


: Library of Yokohama 


.. Asociacion de Ingenieros y Arquitectos de 


Mexico 
Library of the Escuela de _ Ingenieros 
Mecanicos y Electricistas 


Den Polytekniske Forening 


Institute Superior Technico 


Scoala Polytechnica din Bucharest 


Royal Technical College 
Mitchell Library 


University of Cape Town 


. South African Institute of Engineers 


Kungl. Tekniska Hogskolan 
Svenska Teknologfdreninger 
Chalmers Tekniska Institut 


Bibliothek der Eidg. Technischen Hoch- 
schule 


Frankfort........ 
Hamburg........ 
Melbourne...... 
Hanover......... 
Sydney.......... Karlsruhe........ 
Belgium 
Stuttgart........ 
| Brasil Holland 
Bao Paulo........ The Hague....... 
Rotterdam....... 
Chil 
Rangoon......... 
Santiago......... 
Ireland 
Milan.......... 
ilan 
Turin 
London........ Mezico 
Norway 
Oxford.......... Portugal 
Newecastle-upon- Lisbon.......... ._ 
Rumania 
Sheffield......... Buchares' ...... ._ 
Sweden 
‘ 


TRANSACTIONS OF THE A.S.M.E. 


Moscow.........Supreme Council of National Economy 
Robert College Tomsk..........Tomsk Polytechnic Institute 


Kharkov.........Supreme Economic Council of Ukraine 
Leningrad........Leningrad Polytechnic Institute + Cardiff Public Library 
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Indexes to A.S.M.E. Papers and 


Publications 


HIS and the following pages will serve as a guide to the cur- 

rent publications of the A.S.M.E. during the calendar year 
1940, and also to publications developed by the technical commit- 
tees. 


Regular Society Publications, 1940 


Mechanical Engineering, monthly (see index on page RI-79) 
A.S.M.E. Transactions, monthly (see index on page RI-89) 
Mechanical Catalog and Directory, 1941 edition 


Special Publications Issued in 1940 


1939 Oil Engine Power Cost Report 

1940 Proceedings of the Oil and Gas Power Division 
Autobiography of an Engineer by William LeRoy Emmet 
Autobiography of John Fritz 


Boiler Construction Code, 1940 Edition 


Locomotive Boiler Code 

Low-Pressure Heating Boiler Code 

Miniature Boiler Code 

Power Boiler Code Including Rules for Inspection 
Unfired Pressure Vessel Code 

Specifications for Materials 

Suggested Rules for Care of Power Boilers 


Power Test Codes 
Evaporating Apparatus 
Steam Locomotives 


Auxiliary Sections 

Part 3—Temperature Measurement, Chapter & 

Part 5—Chapter 4, Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates 

Part 11—Determination of Quality of Steam 


How to Find Papers Presented at 
1940 A.S.M.E. Meetings 


B Nyeoy technical programs of the meetings of the Society and of 
its Professional Divisions have been published in Mechanical 
Engineering and may be located by consulting the index on pages 
RI-79-88. A majority of these papers were published, or will be 
published, in Mechanical Engineering or the Transactions (includ- 
ing the Journal of Applied Mechanics) and may be located by 
reference to the indexes of these publications. Several additional 
papers and reports included in these 1940 programs were not 
published during the year in either Transactions or Mechanical 
Engineering, but were issued in mimeographed or photo-offset 
form. 

Complete sets of these are on file for reference purposes 
at the office of the Society and the Engineering Societies Library, 
under the title of ‘Miscellaneous Papers Presented at A.S.M.E. 
Meetings, 1940.” Photostat copies of any of the papers may be 
secured from the Library at twenty-five cents a page to members. 


Publications Developed by the 
Technical Committees 


HE Society’s technical committees, the first of which was 

organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is presented 
here for record and for ready reference. This list covers the 
entire group of publications of these committees completed to 
date which are now available. 

To assist the members in securing copies of these publications 
the sale price is also given. A discount of 10 per cent is allowed 
to A.S.M.E. members on standards and a 20 per cent discount 
on all other publications except where otherwise noted. 


AMERICAN STANDARDS 


Bott, Nut, aND Rivet Proportions 


Large Rivets (B18.4—1937), $0.65 

Plow Bolts (B18f—1928), $0.35 

Round Unslotted-Head Bolts (B18.5—1939), $0.50 

Slotted-Head Proportions: Machine Screws, Cap Screws, and Wood 
Screws (B18c—1930), $0.45 

Small Rivets (B18a—1927), $0.30 

Socket Set Screws and Socket-Head Cap Screws (B18.3—1936), $0.40 

Tinners’, Coopers’, and Belt Rivets (B18g—1929), $0.35 

Track Bolts and Nuts (B18d—1930), $0.40 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1933), 
$0.50 

Price of Set of Standards on Bolt, Nut, and Rivet Proportions, includ- 
ing binder, $4.55 


PIPING AND Pipe Firrines 


Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.35 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.40 

Cast-Iron Pipe Flanges and Flanged Fittings for 125 Lb Maximum 
Saturated Steam Pressure (Bl6a—1939), $0.60 

Cast-Iron Pipe Flanges and Flanged Fittings for 250 Lb Maximum 
Saturated Steam Pressure (B16b—1928), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.35 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.65 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929), and Addendum (B16g1— 
1937), $0.50 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1927), $0.35 

Code for Pressure Piping (no discount) (B31.1—1935), $1.00 

Face-to-Face Dimensions of Ferrous Flanged and Welding End 
Valves (B16.10—1939), $0.55 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.50 

Pipe Plugs (B16e2—1936), $0.35 

Scheme for the Identification of Piping Systems (A13—1928), $0.50 

Steel Pipe Flanges and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B16e—1939), $1.25 

Wrought-Iron and Wrought-Steel Pipe (B36.10—1939), $0.50 


LETTER AND GRAPHICAL SYMBOLS AND CHARTS 


Aeronautical Symbols (Z10e—1929), $0.35 
Drawings and Drafting-Room Practice (Z14.1—1935), $0.50 
Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 


$0.50 
Graphical Symbols for Electric Power and Wiring (Z10g2—1933), 
$0.20 
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Graphical Symbols for Electrical Traction Including Railway Signal- 
ing (Z10g5—1933), $0.40 

Graphical Symbols for Plumbing, Piping, Pipe Fittings and Valves, 
Heating and Ventilating, Heat-Power Apparatus, Conventional 
Rivets, etc. (Z14.2—1935), $0.45 

Graphical Symbols for Radio (Z10g3-——1933), $0.20 

Graphical Symbols for Telephone and Telegraph Use (Z10g6—1929), 
$0.20 

Letter Symbols for Electrical Quantities (Z10g1—1929), $0.20 

Symbols for Electrical Equipment of Buildings (C10—1924), $0.20 

Symbols for Heat and Thermodynamics (Z10c—1931), $0.30 

Symbols for Mechanics, Structural Engineering, and Testing Mate- 
rials (Z10a—1932), $0.25 

Symbols for Photometry and Illumination (Z10d—1930), $0.20 

Time Series Charts (Z15.2—1938), $1.25 


MISCELLANY 


Fire-Hose Coupling Screw Thread (B26—1925), $0.25 

Production and Inspection of Fire-Hose Coupling Screw Thread 
(1925), $0.25 

Gear Materials and Blanks (B6.2—1933), $0.50 

Hose Coupling Screw Threads (B33.1—1935), $0.25 

Indicating Pressure and Vacuum Gages (B40—1939), $0.40 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1931), $0.35 

Shaft Couplings (B49—1932), $0.35 

Spur Gear Tooth Form (B6.1—1932), $0.45 


Toots MacuinE Too. ELEMENTS 


Machine Tapers (B5.10—1937), $0.50 

Milling Cutters (B5c—1930), $0.75 

Taps—Cut and Ground Threads (B5.4—1939), $1.25 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.40 

Adjustable Adapters (B5.11—1937), $0.50 

Chucks and Chuck Jaws (B5.8—1936), $0.45 

Circular and Dovetail Forming Tool Blanks (B5.7—1936), $0.40 

Involute Splines, Side Bearings (B5.15—1939), $0.65 

Jig Bushings (B5.6—1935), $0.35 

Lathe Spindle Noses (B5.9—1936), $0.50 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 

Tool Holder Shanks—Tool Post Openings (B5b—1929), $0.25 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1927), $0.35 

Ball and Roller Bearings (B3.1, 2, 3—1930-1933), $0.40 

Code for Design of Transmission Shafting (B17c—1927), $0.75 

Shafting and Stock Keys (B17.1—1934), $0.45 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.60 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.35 

Price of Set of Standards on Small Tools and Machine-Tool Elements, 
including binder, $9.85 


BOILER CONSTRUCTION CODE—1940 


Locomotive Boiler Code, $0.55 
Low-Pressure Heating Boiler Code, $0.75 
Miniature Boiler Code, $0.65 
Power Boiler Code Including Rules for Inspection, $2.25 
Unfired Pressure Vessel Code, $1.50 
Specifications for Materials, $2.00 
Suggested Rules for Care of Power Boilers, $1.00 
Price of complete set of Boiler Codes including binder, $8.50 
Boiler Code Interpretations 
Price obtainable upon request 


JOINT CODE 


API-ASME Code for Unfired Pressure Vessels for Petroleum Liquids 
and Gases (1938 with 1940 Addenda), $1.25 


POWER TEST CODES AND AUXILIARY SECTIONS 


Test CopEs FOR 


Atmospheric Water-Cooling Equipment (1930), $0.45 

Compressors and Exhausters (1935), $0.95 

Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.75 

Evaporating Apparatus (1940), $0.50 

Feedwater Heaters (1927), $0.35 


TRANSACTIONS OF THE A.S8.M.E. 


Gas Producers (1928), $0.55 


Hydraulic Prime Movers (1938), $0.60 
Internal-Combustion Engines (1930), $0.55 
Liquid Fuels (1930), $0.35 

Reciprocating Steam Engines (1935), $0.65 
Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 
Refrigerating Systems (1927), $0.55 

Solid Fuels (1931), $0.55 

Speed-Responsive Governors (1927), $0.45 
Stationary Steam-Generating Units (1936), $0.60 
Steam Condensing Apparatus (1938), $0.65 
Steam Locomotives (1940), $0.55 


AUXILIARY SECTIONS 


Definitions and Values (1931), $0.40 

General Instructions (1929), $0.35 

Part 1—General Consideration (1935), $0.35 

Part 2—Pressure Measurement; Chapter 2, Static and Total Pres- 
sure, Static Holes and Tubes, Impact Tubes, and Chapter 3, 
Pipes for Pressure Measurement (1936), $0.65 

Part 2—Pressure Measurement; Chapter 4, Bourdon, Bellows, 
Diaphragm, and Deadweight Gages (1938), $0.65 

Part 3—Temperature Measurement; Chapter 1, General; Chapter 
5, Pyrometric Cones; Chapter 6, Liquid-in-Glass Thermometers, 
and Chapter 7, Bourdon Tube Thermometers (1931), $0.75 

Part 3—Temperature Measurement; Chapter 2, Radiation Py- 
rometers (1936), $0.55 

Part 3—Temperature Measurement; Chapter 8, Optical Pyrome- 
ters (1940), $0.35 

Part 4—Head Measuring Apparatus (1933), $0.35 

Part 5, Chapter 4—Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1940), $2.75 

Part 6—Electrical Measurements (1934), $1.25 

Part 9—Heat of Combustion (1932), $0.40 

Part 10—Flue and Exhaust Gas Analyses (1936), $1.35 

Part 11—Determination of Quality of Steam (1931), $0.45 

Part 12—Measurement of Time (1932), $0.35 

Part 13—Speed Measurements (1939), $0.45 

Part 14—Linear Measurements (1936), $0.55 

Part 15—Measurement of Surface Areas (1937), $0.75 

Part 16—Density Determinations (1931), $0.30 

Part 17—Determination of the Viscosity of Liquids (1931), $0.45 

Part 18—Humidity Determinations (1932), $0.50 

Part 20—Smoke-Density Determinations (1936), $0.65 

Part 21—Leakage Measurement, Chapter 1, Condenser Leakage 
Tests (1928), $0.35 

Part 21—Leakage Measurement; Chapter 2, Boiler and Piping; 
Chapter 3, Steam Engine Leakage (1932), $0.35 


RESEARCH 


Dynamic Loads on Gear Teeth (1932), $1.50 

Fluid Meters: 
Part 1—Theory and Application (1937), $3.00 
Part 2—Description of Meters (1931), $1.75 
Part 3—Selection and Installation (1933), $1.50 

Report of the AGA-ASME Committee on Orifice Coefficients (1935), 
$2.75 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Bibliography on Cutting of Metals (1866-1930), $1.25 

Bibliography on Deterioration of Condensing Equipment (1845- 
1930), $1.25 

Bibliography on Effect of Temperature Upon Properties of Metals 
(1928-1931), $1.25 

Bibliography on Management Literature and Supplement (1903- 
1935), $2.75 

Bibliography on Mechanical Springs (1678-1927), $1.25 

Bibliography on Woods of the World (1928), $1.25 

Bibliography on Marketing Research (1935), $1.00 

Bibliography on Machining of Wood (1939) $1.25 


SAFETY CODES 


Safety Code for Elevators (A17.1—1937) (10 per cent discount), $1.00 

Elevator Inspectors’ Manual (A17.2—1937) (10 per cent discount), 
$0.75 

Safety Code for Mechanical Power-Transmission Apparatus (10 per 
cent discount) (B15—1927), $0.35 

Compressed-Air Machinery and Equipment (B19—1938), $0.30 
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SOCIETY RECORDS RI-77 


BIOGRAPHIES 


IOGRAPHIES issued under the sponsorship of the A.S.M.E. 


Biography Advisory Committee are as follows: 


Autobiography of John A. Brashear (1924), $5.00 

Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 

Autobiography of John Fritz (1940), $3.25 

Biography of James Hartness, by Joseph W. Roe (1937), $4.00 

Biography of John Stevens, by Archibald Douglas Turnbull (1928), 
$5.00 

Biography of John Edson Sweet, by A. W. Smith (1925), $4.50 

Biography of Robert Henry Thurston, by William F. Durand (1929), 
$5.00 

Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 


BOOKS ON SPECIAL SUBJECTS 


Aeronautical Dictionary (1929), $1.65 

Corrosion-Resistant Metals (1936), $1.25 

Engineering’s Part in the Development of Civilization (1939), 
$1.50 

General Discussion on Lubrication (1938) (no discount), $6.50 

Hydraulic Laboratory Practice (1929), $10.0C 

Hydraulic Structures (1937), $18.00 

Manual on Cutting of Metals (1939), $5.00 

1941 A.S.M.E. Mechanical Catalog and Directory, $3.00 (sent gratis 
to members, upon request) 

1939 Oil Engine Power Cost Report (1940), $1.00 

Theoretical Steam Rate Tables (1937), $1.25 
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